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ABSTRACT OF THE DISSERTATION
Regulation of Epithelial Proliferation and Migration by Apical-Basal Polarity Proteins and Ajuba
LIM Proteins
by
Gregory Vincent Schimizzi
Doctor of Philosophy in Biology and Biomedical Sciences
Molecular Cell Biology
Washington University in St. Louis, 2018
Professor Gregory Longmore, Chair
Epithelial cells line all the outside surfaces of the body where they perform essential roles in
maintaining homeostasis. In addition, epithelial tissues are implicated in many disease processes
and are the most common tissue type to give rise to human cancer. Therefore, a thorough
understanding of epithelial development and homeostasis has broad implications for
understanding human development, health, and disease. The establishment and maintenance of
apical-basal polarity is a defining characteristic and essential feature of functioning epithelia.
Proper apical-basal polarity (ABP) is required for epithelial tissues to carry out their functions,
which include absorption, secretion, barrier formation, and collective migration. ABP proteins
are also tumor suppressors that are targeted for disruption by oncogenic viruses and are
commonly mutated in human carcinomas. Disruption of these ABP proteins is an early event in
cancer development that results in increased proliferation and epithelial disorganization through
means not fully characterized. Using the Drosophila melanogaster wing disc epithelium, we
first demonstrate that disruption of apical vs. basolateral polarity results in increased
proliferation via distinct downstream signaling pathways. Surprisingly, the Rho-Rok-Myosin
viii

contractility apparatus appears to play opposite roles in the regulation of this proliferative
phenotype based on which polarity complex is disrupted. In contrast, non-autonomous TNF
signaling appears to suppress the proliferation that results from apical-basal polarity disruption,
regardless of which complex is disrupted. We also demonstrate that collective migration in the
D. melanogaster ovariole follicular epithelium is disrupted in distinct ways depending on
whether the apical or basolateral polarity complex is compromised. Using quantitative optical
flow image analysis, we show that disruption of the apical polarity complex results in the
formation of large holes in the migrating epithelial sheet while maintaining the coordinated
movement of collective migration. On the other hand, following disruption of the basolateral
complex, epithelial integrity is largely maintained, but the organization of collective motion
decreases. Disruption of the ABP signaling network also leads to increased epithelial
proliferation via the action of Ajuba LIM family of adaptor molecules on the Hippo pathway.
We show that the Ajuba LIM proteins specifically inhibit the Hippo core kinases by sequestering
these proteins in a cytosolic complex, thereby allowing the downstream transcriptional coactivator YAP, to migrate to the nucleus and activate transcription of YAP-dependent target
genes. These findings provide further insight into how disruption of epithelial polarity
complexes can alter cell proliferation and migration during early carcinoma development.
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Chapter 1: Introduction

1

1.1 Epithelial cell biology
Epithelial tissues are one of the four main tissue types in the human body and are
thought to be one of the first tissues that emerged during the transition from single- to multicellular life. Epithelial tissues are continuous sheets of adherent, polarized cells that line body
surfaces and serve as a barrier between the internal and external environment. Epithelia have
several functions essential to proper development and adult homeostasis, such as absorption,
secretion, and protection, and are the first tissues that appear during ontogenesis. They are also
implicated in many disease processes and are the most common cell type to gives rise to human
cancer[1,2].
Cadherin-based epithelial tissues are thought to have appeared with the evolution of
metazoans, approximately 600 million years ago, although epithelia that lacked cadherins likely
existed well before this time[2]. The co-emergence of cadherin-based epithelia with metazoans
reflects the importance of epithelia to multicellular life, as multicellular organisms must be able
to segregate their internal and external environments to maintain homeostasis to protect
themselves from the outside environment. Several phenotypes of epithelial tissues make them
ideal structures for this purpose. Most prominently, the maintenance of distinct apical-basal
polarity (ABP) and intercellular junctions are critical for the functions of epithelial tissues[2,3].
Cell polarity describes the asymmetrical distribution of cellular components within a
cell. Polarization along the apical-basal axis (apical-basal polarity, ABP) is one of the defining
characteristics of epithelial cells. All epithelial cells sit on top of a basement membrane, and
contact with the basement membrane is required for survival. The portion of the cell membrane
contacting the basement membrane is termed the basal membrane, while the portion of the
membrane opposite the basal membrane that contacts the external environment is the apical
2

membrane, and the portion of the membrane that contacts neighboring epithelial cells is the
lateral membrane. These regions of the cell differ in more than just their external contacts; they
also contain distinct suites of intracellular proteins, lipids, carbohydrates, organelles, and
cytoskeletal components. Epithelial cells must maintain polarization along their apical-basal axis
to function properly, and disruption of ABP is an early step in carcinogenesis[1,2,4,5].
A second defining characteristic of epithelia is their extensive intercellular junctions.
Epithelial cells form continuous sheets of polarized cells that are held together tightly by
calcium-based adhesion molecules (cadherins) as part of their intercellular adherens junctions
(AJs). They restrict the passage of solutes between cells with sealing junctions at their apical
and basolateral regions (tight junctions, TJs, in vertebrates and septate junctions, SJs, in
invertebrates). Adherens junctions mediate the adhesive interaction between neighboring
epithelial cells by linking their actin cytoskeletons, while TJs and SJs create a fence between the
apical and basolateral membrane domains and a selective paracellular diffusion barrier between
the external and internal environment[1,2]. AJs, TJs, and SJs are important for maintaining the
polarized distribution of cellular components which allows for vectorial transport seen in
secretory and absorptive epithelia[1,2,6]. Similar to ABP, AJs and TJs are often lost or
disorganized during cancer progression[7,8].

1.2 Epithelial apical-basal polarity regulation

3

Multiple distinct but interacting groups of proteins constitute the ABP regulatory
network. Notably, these include the junctional partitioning defective (Par) complex, the apical
Crumbs (Crb) complex, and the basolateral Scribble (Scrib) complex.
The Crb complex is localized to the apical region of the cell or to the apical junctions
and consists of the transmembrane protein Crb, stardust (Sdt), and PatJ. Crb is important for
apical membrane specification as depletion results in loss of apical membrane identity, and
overexpression of Crb causes expansion of the apical membrane zone at the expense of the
basolateral membrane zone[9,10].
The Par complex is localized to the junctional region of the cell and contains the
adaptor Par6, the multi-domain protein Par3 (Bazooka, Baz, in Drosophila), the serine/threonine
kinase atypical protein kinase C (aPKC), and the small GTPase Cdc42. The Par complex is key
in the initial steps of cell polarity establishment, and mislocalization or downregulation of Par
complex protiens is thought to contribute to cancer progression[7].
The Scrib complex is localized to the basolateral region of the cell and contains the
adaptor Scribble (Scrib), the membrane-associated guanylate kinase (MAGUK) scaffolding
protein Discs Large (Dlg), and the adaptor protein Lethal Giant Larvae (Lgl). Members of the
Scrib complex are also frequently downregulated or mislocalized in cancer[7].
These polarity complexes act to establish regional identity throughout the cell, and
have mutually antagonistic relationships whereby they restrict the localization of other
complexes to distinct regions of the cell[11-13].

1.3 Drosophila melanogaster epithelial development

4

Because of the vast array of genetic tools available, Drosophila have become an
important model system for studying many biological questions, including epithelial
morphogenesis. Drosophila epithelia arise from imaginal discs, larval tissues which are the
primordia for most adult structures, including the eye, antennae, wings, legs, and halteres[14].
The imaginal discs form during embryogenesis as clusters of 20-50 cells, and proliferate during
the larval stages of development to around 20,000-50,000 cells. Finally during the pupal stages
of development, these imaginal discs primarily undergo differentiation, as opposed to
proliferation[14].
Studies of Drosophila epithelia during each of the three main stages of development
(embryo, larval, and pupal) have contributed greatly to our understanding of epithelial cell
biology and have illustrated the importance of epithelial polarity regulation[14]. Disrupting
polarity by mutating or decreasing the expression levels of members of the three polarity
complexes results in hyperproliferation, and this link between epithelial polarity disruption and
increased proliferation has also been demonstrated in mammalian systems[14]
Drosophila and mammals have highly conserved apical-basal polarity proteins and cell
adhesion complexes (e.g. AJs). Vertebrate TJ proteins and invertebrate SJ are also highly
conserved, despite the fact that TJs are positioned more apically than AJs, while SJs are basal to
the AJs.[11,12,14]. These aspects of Drosophila epithelial development makes them a highly
valuable model system in which to study epithelial development and dynamics.

1.4 Apical-basal polarity regulation of proliferation and
migration
ABP proteins function as negative regulators of proliferation in epithelial cells. In most
models, disruption of the ABP signaling network alone results in activation of apoptosis.
5

However, if ABP is disrupted in the presence of an anti-apoptotic gene this leads to epithelial
overgrowth and disorganization[4,15-17]. The precise signaling mechanisms that are required
for proliferation following ABP disruption are unknown, but previous evidence suggests that cJun N-terminal kinase (JNK) and cytoskeletal contractility are involved[15,18]. ABP provides
spatial organization of various cell signaling pathways, and with this organization is disrupted,
cells acquire a malignant phenotype[4].
ABP is also important for cell migration regulation, and disruptions in ABP can cause a
either failures of proper cell migration or aberrant cell migration. Epithelial cells can rapidly
lose the epithelial phenotype in by activating a developmental program, termed, the epithelialmesenchymal transition (EMT). EMT is important for gastrulation and proper development, but
is also thought to play a role in cancer metastasis, where epithelial cells in the primary site lose
their ABP and adhesion to their neighbors and acquire a migratory mesenchymal phenotype[2].

1.6 Ajuba LIM Proteins
The Ajuba LIM (Lin-11-Isl1-Mec3) proteins are a family of adaptor proteins that
are characterized by the presence of three tandem LIM domains in their C-terminus and a
variable proline-rich N-terminal preLIM domain[19]. LIM domains are cysteine-rich double
zinc-finger motifs found in many different eukaryotic proteins, with diverse functions[20]. The
LIM domains in Ajuba LIM proteins are thought to function as protein-protein interaction
domains. Ajuba LIM proteins are able to shuttle between different subcellular compartments,
and as such, are ideally suited to function as messengers that convey signals between different
portions of the cell.

6

There are three mammalian members of the Ajuba LIM family: Ajuba, LIM Domain
Containing Protein 1 (LIMD1), and Wilms Tumor Interacting Protein (WTIP) and a single
ortholog in Drosophila melanogaster, dJub. The three mammalian Ajuba LIM proteins are
highly homologous and are thought to function in a largely redundant manner[21]. They
associate with both junctions and cytoskeletal elements and play important roles in the
establishment and maintenance of cell-cell and cell-matrix interactions, as well as ABP
regulation[22,23]. Ajuba LIM proteins also regulate the Rho family of small GTPases, act as
Snail/Slug co-repressors in the process of EMT, and regulate the cell cycle via pRb[24-26].
Recently, Ajuba LIM proteins have been shown to play a crucial role in the regulation of
proliferation following disruption of ABP[27]. Ajuba LIM proteins are known to act as negative
regulators of the Hippo pathway, an evolutionarily conserved signaling pathway that regulates
cell proliferation and apoptosis[21]. However, evidence now suggests that following ABP
disruption, JNK is activated, and Ajuba LIM proteins are required for JNK-mediated Hippo
pathway inactivation[15,27]. This promotes activation of the downstream Hippo pathway
transcriptional co-activator YAP (Yki) to achieve cell proliferation.
Therefore, Ajuba LIM proteins appear to serve as signal integrators that lie at the
intersection of cell polarity, cell adhesion, cell polarity, and Hippo signaling.
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2.1 Abstract
The establishment and maintenance of apical-basal polarity is a defining
characteristic and essential feature of functioning epithelia. Apical-basal polarity (ABP) proteins
are also tumor suppressors that are targeted for disruption by oncogenic viruses and are
commonly mutated in human carcinomas. Disruption of these ABP proteins is an early event in
cancer development that results in increased proliferation and epithelial disorganization through
means not fully characterized. Using the proliferating Drosophila melanogaster wing disc
epithelium, we demonstrate that disruption of the junctional vs. basal polarity complexes results in
increased epithelial proliferation via distinct downstream signaling pathways. Disruption of the
basal polarity complex results in JNK-dependent proliferation, while disruption of the junctional
complex primarily results in p38-dependent proliferation. Surprisingly, the Rho-Rok-Myosin
contractility apparatus appears to play opposite roles in the regulation of the proliferative
phenotype based on which polarity complex is disrupted. In contrast, non-autonomous Tumor
Necrosis Factor (TNF) signaling appears to suppress the proliferation that results from apicalbasal polarity disruption, regardless of which complex is disrupted. Finally we demonstrate that
disruption of the junctional polarity complex activates JNK via the Rho-Rok-Myosin contractility
apparatus independent of the cortical actin regulator, Moesin.

14

2.2 Introduction
A defining feature of epithelia is the presence of apical-basal polarity (ABP), or
the asymmetric distribution of lipids, proteins, and mRNAs within the cell. This asymmetric
distribution of subcellular components allows for specialized regional function. ABP is also
required for the proper establishment and maintenance of intercellular junctions, normal mitoses,
and vesicular trafficking. ABP influences cell proliferation and cell migration, and mutations in
components of the various ABP complexes can occur early in carcinoma development and
contribute to increased proliferation, invasion and metastasis[1,2]. Defects in ABP regulation
also cause multilayering and central lumen loss in epithelial tissues, both of which are commonly
seen in early stages of cancer[3,4].
Genetic disruption of the basolateral Scribble (Scrib)/Discs Large (Dlg)/Lethal Giant
Larvae (Lgl)-complex, or the junctional Cdc42/Par6/Par3/Atypical PKC (aPKC) complex, but not
the apical Crumbs/Pars/Pals complex in D. melanogaster imaginal disc epithelia contribute to
dysplastic overgrowth [1,5], but the precise mechanisms of how this occurs and whether through
unique or shared pathways remain unclear.
Disruption of the basolateral polarity complex in epithelial cells results in apoptosis.
These dying cells can then secrete proliferative signals to neighboring epithelial cells, which
proliferate to replace lost cells. If polarity disruption is combined with expression of the
baculovirus caspase inhibitor P35[6], apoptosis execution is blocked and these “undead” cells
continue to secrete proliferative signals, leading to tissue overgrowth[7-9]. These proliferative
phenotypes involve activation of c-Jun N-terminal Kinase (JNK in mammals; Basket (Bsk) in D.
melanogaster) [1,5,10]. Disruption of ABP also causes an upregulation of Wingless (Wg, D.
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melanogaster Wnt) and Decapentaplegic (Dpp, D. melanogaster TGF-β) signaling in
neighboring wild type cells, that contributes to the proliferative phenotypes[7].
While some components required for proliferation downstream of basolateral and
junctional ABP disruption are known, a full understanding of how this process occurs is lacking.
Moreover, whether disruption of the different ABP complexes lead to proliferative phenotypes
through shared or unique pathways is not known. Here we examine signals that result from, or
are associated with, disruption of the junctional versus basolateral ABP complex in the
developing Drosophila melanogaster imaginal wing disc, a proliferating epithelium. Our results
demonstrate that interruption of junctional or basolateral ABP regulation leads to distinct
downstream signaling events.
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2.3 Results
Proliferation following disruption of the junctional versus basolateral polarity complex has
different Mitogen Activated Protein Kinase (MAPK) requirement.
Disruption of both junctional or basolateral polarity complex in D. melanogaster
imaginal disc epithelium, a proliferating epithelium, can result in JNK-dependent apoptosis and
compensatory hyperproliferation when apoptosis execution is inhibited [5,10,13]. To dissect and
contrast the contribution of various signaling pathways downstream of junctional or basolateral
polarity disruption that contribute to hyperproliferation, we set up a system in the D.
melanogaster wing imaginal disc epithelium to quantify the extent of proliferation that occurred
following disruption of either ABP polarity complex in the presence of the apoptosis inhibitor
P35. The fly wing imaginal disc is a simple, two-layered, proliferating epithelium with an intact
basement membrane. The wing disc undergoes a sequence of morphogenetic steps throughout
development and to form the adult wing[14]. The availability of powerful genetic tools in D.
melanogaster makes this a very useful system to interrogate signaling pathways downstream of
polarity disruption in an intact epithelium. In quantifying proliferation, we controlled for
possible asynchrony in development caused by genetic manipulation that might affect imaginal
disc proliferation by quantifying a ratio of the GFP-positive proliferative area to the entire wing
disc area. We developed custom image analysis software that calculated a ratio of GFP-positive
patched (ptc) area to total wing disc area and used this as a measure of proliferation (Fig 2.7, see
Materials and Methods for further detail).
We first asked whether there was a difference in the requirement for JNK. The
basolateral ABP complex was disrupted by RNAi-mediated depletion of Dlg in wing imaginal
disc with patched-GAL4 (ptc-GAL4, Fig 2.8A) in the presence of the apoptosis inhibitor P35.
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This resulted in imaginal disc hyperproliferation and tissue disorganization (Fig 2.1A-B,
quantified in Fig 2.1I). In regions of hyperproliferation we observed increased activity of JNK,
as determined by JNK-regulated MMP1 expression (Fig 2.1A-B) and the JNK reporter gene
puckered-LacZ (pucE69) expression (Fig 2.1C). JNK activity was found to be critical for
hyperproliferation, as when JNK was depleted with Bsk-RNAi, the hyperproliferative response
was completely blocked (Fig 2.1D, quantified in Fig 2.1I). Since we saw a complete rescue of
the hyperproliferative phenotype, we verified that Dlg protein level was indeed reduced by DlgRNAi when combined with UAS-Bsk-RNAi, UAS-P35, and UAS-GFP (Fig 2.8C),
demonstrating that rescue was not merely a result of exhaustion of available GAL4 by multiple
UAS promoters.
In contrast, when the junctional ABP complex was disrupted by Cdc42-RNAi in the
presence of P35, depletion of JNK (Bsk-RNAi) or removal of a genomic copy of Bsk only
partially rescued the proliferative phenotype (Fig 2.1E-H, quantified in Fig 2.1J). Bsk (JNK)
was activated following junctional ABP complex disruption, in the case of either Cdc42-RNAi,
aPKC-RNAi or Baz-RNAi plus P35 (Fig 2.1E-F, Fig 2.8F-G). These data indicated that the
requirement for JNK in the proliferative phenotype resulting from ABP disruption differed
depending upon whether junctional or basolateral polarity complexes were disrupted.
Proliferation following disruption of the basolateral complex was largely, if not completely,
dependent on JNK signaling, while proliferation following disruption of the junctional complex
likely involves other downstream signaling molecules in addition to JNK.

The MAPKKK, MEKK1, is uniquely required for proliferation following disruption of the
junctional polarity complex.
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Since JNK depletion alone was not sufficient to rescue the hyperproliferative phenotype
when the junctional polarity complex was disrupted, we tested known upstream JNK-KinaseKinases (JNK-KKs – Slpr, Tak1, Mekk1, Wnd, Ask1) (Fig 2.2A) for the ability to rescue the
proliferative phenotype. Surprisingly, RNAi-depletion of Mekk1, but not the other JNK-KK’s
(Slpr, Tak1, Wnd, Ask), completely rescued the proliferative phenotype following junctional
polarity complex disruption + P35 (Fig 2.2B-H, quantified in Fig 2.2I). In contrast, the
proliferative response following basolateral polarity complex disruption (Dlg-RNAi) + P35 did
not require any single JNK-KK. Rather, Tak1, Hep, Mkk4, and Mekk1 all partially rescued the
proliferative phenotype (Fig 2.2J-O, quantified in Fig 2.2P), and none alone completely rescued
the hyperproliferative phenotype like depletion of JNK (Fig 2.1).

P38 is required for proliferation following disruption of the junctional, but not basolateral
polarity complex.
Since Mekk1 depletion uniquely rescued proliferation following junctional polarity
complex disruption much more significantly than depletion of JNK (Bsk), we considered the
possibility that Mekk1 may be activating other downstream MAPKs, in addition to JNK (Bsk), to
promote proliferation. Mekk1 can act as an upstream activator of JNK or p38-MAPKinase
[15,16]. Thus, we tested whether p38 MAPK might be required downstream of junctional
polarity complex disruption in proliferation regulation. Depletion of p38a or p38b via RNAi
individually in Cdc42-RNAi + P35 wing imaginal discs resulted in a dramatic rescue of the
proliferative phenotype (Fig 2.3A-D), greater than depletion of just JNK (Fig 2.1). In contrast,
depletion of p38a or p38b did not affect the proliferation response resulting from basolateral
polarity complex disruption + P35, (Fig 2.3F-H, quantified in Fig 2.3I).
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In sum, these results indicated that the MAPK pathways downstream of junctional and
basolateral polarity complex disruption +P35 mediated proliferation are different. The Mekk1p38 signaling is the major MAPK pathway contributing to the junctional polarity complex
phenotype, while JNK activation through multiple upstream kinases is the major MAPK pathway
contributing to the basolateral polarity complex phenotype.

Non-autonomous TNF signaling is important for the proliferative response following
disruption of both junctional and basolateral polarity complexes.
TNF signaling has been implicated as having either tumor-suppressive or tumorpromoting activity depending on biological context[10,13]. Disruption of the basolateral polarity
complex, in a clonal context, induces JNK-dependent apoptosis through endocytic activation of
TNF signaling, and when endocytosis in Dlg/Scrib-null clones was blocked, hyperproliferation
of the epithelia ensues [10] Whether TNF signaling is important for the hyperproliferative
phenotype observed following disruption of the junctional polarity complex has not been
determined.
To assess whether autocrine TNF signaling played a role in the proliferative response
following junctional polarity complex disruption, we co-expressed Eiger-RNAi (Egr, D.
melanogaster TNF (verified in Fig 2.9) with Cd42-RNAi and P35 via ptc<GAL4, UAS-GFP (Fig
2.4C). Depletion of Egr in cells expressing Cdc42-RNAi and P35 had no effect on the extent of
proliferation (Fig 2.4A-C, quantified in Fig 2.4E). However, depletion of the D. melanogaster
TNF Receptor, Wengen (Wgn) resulted in increased proliferation of imaginal discs in which
Cdc42-RNAi + P35 were present (Fig 2.4A, 2.4B and 2.4D, quantified in Fig 2.4E). This
indicated that non-autonomous TNF signaling suppressed the proliferative response to junctional
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polarity complex disruption in apoptosis inhibited imaginal discs. Similar results were obtained
when depleting basolateral polarity complex components (Dlg-RNAi or Scrib-RNAi) in
combination with P35 (Fig 2.4F-N). Thus, non-autonomous TNF signaling suppressed the
proliferative response in epithelia when ABP was disrupted by either junctional or basolateral
polarity complex disruption.

Rho1/Rok/Myosin play opposite roles in regulation of proliferation following disruption of
the basolateral versus junctional polarity complex.
Previous work has demonstrated that disruption of the junctional polarity complex can
increase Rho1/Rok/Myosin activity which then contributes to JNK activation and the
hyperproliferation response [5]. Consistent with these results, we observed decreased
proliferation in Cdc42-RNAi + P35 tissues when Rho1 or Myosin Heavy Chain (Zipper, Zip in
D. melanogaster) levels were reduced (Fig 2.5A-D, Fig 2.10, quantified in Fig 2.5E). However,
when Rho1, Rok, or Zip were depleted in Dlg-RNAi + P35 imaginal discs (i.e. basolateral
polarity complex disruption), the proliferative response was actually enhanced (Fig 2.5F-H, Fig
2.5J-M, quantified in Fig 2.5I and Fig 2.5N). These results indicated that in contrast to
junctional polarity complex disruption, the Rho1/Rok/Myosin signaling cassette acted as a brake
against hyperproliferation following basolateral polarity complex disruption.

The ERM protein, Moesin, regulates Rho-JNK signaling independent of the junctional
polarity complex.
The Ezrin/Radixin/Moesin (ERM) proteins are critical organizers of the cell cortex as
they link cortical and transmembrane proteins to the actin cytoskeleton[17]. Moesin (Moe) the
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sole D. melanogaster ERM protein also negatively regulates JNK signaling and apoptosis
through inhibition of Rho1 activity[18](Fig 2.11). Since Cdc42 also serves as a negative
regulator of apoptosis through Rho1 and JNK[5,11], we asked whether Cdc42 and Moe function
in a shared pathway (e.g., Rho1) to inhibit the proliferative phenotype that results from Cdc42
depletion. If Moesin functioned in a linear pathway downstream of Cdc42 to negatively regulate
Rho1 and JNK, then overexpressing Moesin might rescue the proliferative phenotype following
Cdc42 depletion. Or alternatively, if Cdc42 functioned downstream of Moesin to negatively
regulate Rho1, then overexpression of Cdc42 in the presence of Moe-RNAi might rescue the
proliferative phenotype that results from Moe knockdown. To test this, we combined Cdc42RNAi and P35 with either RNAi-depletion or overexpression of Moe. Cdc42 depletion or
Moesin depletion individually combined with P35 both resulted in hyperproliferation and
induction of MMP1 expression (JNK responsive gene) (Fig 2.6A-C). Overexpression of Moesin
did not prevent the proliferative phenotype in response to Cdc42 depletion, as would be expected
if Moesin acted downstream of Cdc42 to restrict Rho1 activity (Fig 2.6A-B, 2.6E, quantified in
Fig 2.6F). We were unable to assess how the combination of Moesin-RNAi with Cdc42
overexpression + P35 would affect proliferation as this resulted in lethality in pre-larval stages.
Taken together, these results suggested that Cdc42 and Moesin did not function in a linear
pathway to regulate JNK via Rho1.
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2.4 Discussion
Disruption of the ABP signaling network is known to contribute to increased proliferation
and invasion of epithelial cells. These phenotypes have been observed in epithelia following
disruption of either the junctional or basolateral polarity complex. However, the cellular
signaling pathways activated to achieve this behavior is dependent on whether the junctional or
basolateral complex is disrupted. Here we show that hyperproliferation following disruption of
the basolateral complex was solely dependent on JNK MAPK, while disruption of the junctional
complex caused proliferation that requires both JNK and p38 MAPK. Non-autonomous TNF
signaling suppressed the proliferation that results from disruption of either complex. This could
represent an epithelial-intrinsic or immunologic defense against the expansion of polaritydeficient cells in an epithelium. Our data suggested that this TNF-mediated suppression is
indifferent to the genetic perturbation that led to the dysfunction. On the other hand, the RhoRok-Myosin contractility apparatus appeared to play opposite roles depending on which polarity
complex was disrupted. This indicated that epithelial cells respond to polarity disruption via
overlapping, yet distinct pathways depending on which components of the ABP signaling
network are perturbed.
The fact that different MAPK signaling pathways are activated following disruption of
the junctional versus basolateral polarity complex is, perhaps, not entirely surprising as these two
complexes do serve unique functions. While the Par and Scrib complex have roles in regulating
many shared processes, including intercellular junction homeostasis, cell polarity regulation, and
RhoGTPase regulation, they are localized to different regions of the cell and therefore have
unique suites of interacting proteins and signaling pathways.
Furthermore, during cell migration, apical-basal polarity proteins are reoriented to aid in
establishing polarity along front-rear axis of migrating cells and play distinct roles in this process
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as well. Cdc42 is localized at the front of the cell and is important for protrusion formation in
the direction of migration[19], and other members of the Par complex are important for
spatiotemporal regulation of F-actin[20]. In immune cells, Par complex proteins localize
predominantly to the leading edge, while Scribble complex proteins localize to the trailing edge
where they regulate microtubule dynamics[21,22].
Our data demonstrated that disruption of ABP leads to JNK- or p38-dependent
proliferation based on whether the junctional or basolateral complex is depleted. Why there is
activation of one MAPK pathway versus the other in dysplastic polarity-deficient epithelial cells,
and whether there are functional consequences, remains to be determined. This difference could
result from distinct subcellular localization of JNK and p38 MAPKs, with JNK being localized
more basolaterally and p38 more apically in the cell. An important function of the ABP network
is to spatially segregate signaling networks such that cells can effectively integrate information
from both the intracellular and extracellular environment, and transmit that information via
appropriate signaling pathways[23-29]. The requirement of different MAPK’s downstream of
ABP disruption could be an additional manifestation of this segregation. Apical activation of
MAPK signaling by a Muc4-ErbB2 complex specifically leads to p38 activation, without
activating JNK or ERK[30]. And there is much evidence linking basolateral polarity complex
integrity specifically to JNK activity[1,10,13,31]. In plants, amplification of MAPK activity in
distinct subcellular regions via interactions with polarity proteins is crucial for asymmetric cell
division [32]. Thus, spatially restricted MAPKs could serve as local sensors that are activated as
a result of the disruption of nearby polarity complexes, possibly following changes in local
membrane composition, protein phosphorylation, or protein content in their respective
subcellular domains.
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Another contrast in the phenotypic response to junctional versus basolateral complex
disruption was the opposite role played by the Rho/Rok/Myosin contractility apparatus.
Disruption of the junctional complex leads to activation of JNK via Rho/Rok/Myosin, and
depletion of any of these contractility components decreases the proliferative phenotype[5]. In
contrast, depletion of Rho, Rok, or Myosin in the context of basolateral complex disruption
dramatically exacerbated the proliferative phenotype. As apical-basal polarity and regulation of
the actin cytoskeleton are closely linked, it is not entirely surprising that disruption of polarity
activates downstream effectors via altered actomyosin dynamics. However, it remains unclear
why opposite roles are played by the Rho-Rok-Myosin contractility apparatus following
junctional versus basolateral polarity disruption. MAPK activity is responsive to actomyosin
dynamics in both epithelial cells and myocytes[33-35]. Perhaps p38 activation in the apical
region of the cell requires an increase in local actomyosin contractility, while JNK activation in
the basolateral domain is somehow suppressed by actomyosin contractility. Alternatively,
apical-basal polarity complexes could be differentially coupled mechanically responsive
pathways, such as the Hippo pathway. Apical-basal polarity signaling, MAPKs, and the Hippo
pathway have all been linked in the response to mechanical signals and disruption of cell
architecture, such as with manipulation of actin polymerization[34,36-39]. The specific
mechanisms underlying the opposite effect of Rho-Rok-Myosin depletion on proliferation
following junctional versus basolateral polarity disruption remain unclear, and this is an
important topic for future study.
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2.5 Materials and Methods
Fly Stocks and Genetics
All crosses and staging were performed at 25°C unless otherwise noted. w1118 was used as
wild-type. Stocks are described in FlyBase (http:// flybase.org/). pucE69, UAS-P35 (B#5073),
UAS-Scrib-RNAi (B#29552), UAS-Bsk-RNAi (B#32977), UAS-Moesin-myc (B#8631), UASMoesin-RNAi (B#8629), UAS-Mekk1-RNAi (B#28587), UAS-Ask1-RNAi (B#32464), UASHep-RNAi (B#28710), UAS-Mkk4-RNAi (B#35140), UAS-p38b-RNAi (B#35252), UAS-p38aRNAi (B#34744), bsk1 (B#3088), UAS-Baz-RNAi (B#39072), UAS-aPKC-RNAi (B#25946)
and “Dlg-RNAi #2” (B#35286) were provided by the Bloomington Drosophila Stock Center
(BDSC); Zip1 by T. Wolff (NIH Janelia Research Campus); patched-GAL4 by R. Cagan
(Mount Sinai School of Medicine, New York); UAS-Cdc42- RNAi and UAS-Rho1-RNAi were
described previously[11,12]; “UAS-Dlg-RNAi #1”(V#41134), UAS-Rok-RNAi (V#3793), and
UAS-Wnd-RNAi (V#103410) were provided by the Vienna Drosophila RNAi Center (VDRC);
UAS-Slpr-RNAi, UAS-Wengen-RNAi, and UAS-Tak1-RNAi were provided by R. Fehon
(University of Chicago); UAS-Egr was provided by M. Vidal (Beatson Institute, Glasgow, UK).
MARCM clones were generated by heat shock at 37C for 1h and dissected 40 to 48 hours after
clone induction (ACI).

Immunofluorescence and Image processing
Wandering 3rd instar larval wing discs were dissected in phosphate-buffered saline (PBS), fixed
in 4% paraformaldehyde diluted in PBS for 40 min, washed once for five minutes in PBX (PBS
with 0.1% Triton X-100), twice for 20min in PAXD (PBS with 1% bovine serum albumin, 0.3%
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Triton X-100, and 0.3% deoxycholate), and once for 20min in PAXDG (PAXD with 5% normal
goat serum), all on ice. Tissues were incubated overnight in primary antibody diluted in PAXDG
at 4°C and washed three times in PBX at room temperature. After four or more hours incubated
in secondary antibody diluted in PAXDG at 4°C, they were washed twice in PBX, and washed
once in PBS, all at room temperature. Prepared tissues were mounted in Vectashield mounting
media (Vector Laboratories, Burlingame, CA). Antibodies used were rat anti-DE-cadherin
(1:20), mouse anti-Discs large (1:50), mouse anti-Matrix Metalloproteinase 1 (MMP1) (1:20),
rabbit anti Activated Caspase 3 (AC3) (all from the Developmental Studies Hybridoma Bank at
the University of Iowa), rabbit anti-b-galactosidase (1:2000, ICN/Cappel), guinea pig anti-Scrib
(1:500, from D. Bilder, University of California, Berkeley). Secondary antibodies were Alexa
488 and 568 (Invitrogen) and Cy5 (Jackson ImmunoResearch). Immunofluorescence was
analyzed on a Zeiss LSM700 confocal microscope using a 10X Neofluor (NA 0.3) air lens, 20X
Apochromat (NA 0.8) air lens, or 63X Apochromat oil immersion lens (NA 1.4). Image J64
(National Institutes of Health, Bethesda, MD) was used to adjust brightness and contrast of
whole images.

Quantification of Proliferation in Wing Disks and Statistics
The degree of proliferation was quantified as the ratio of area of the GFP-positive area to total
wing disk area to compensate for any effects that led to asynchrony in wing disc development.
Total wing areas were determined by applying a Canny edge-detection algorithm to E-cadherin
immunofluorescence images and filling in the resulting outlines. GFP-positive region areas were
determined by applying a manually determined uniform brightness threshold to endogenous GFP
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fluorescence images. The proliferation index was computed as a ratio of GFP-positive area to
total wing disc area. Image analysis and calculations were performed with a custom Matlab
program, and code is available upon request to the corresponding author. P values were
calculated via unpaired, two-sided Student’s t test. *p<.05, **p<.01, ***p<.001.
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2.7 Figures
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Figure 2.1. Junctional or basolateral polarity disruption in the presence of
P35 leads to hyperproliferation, proliferation following basolateral complex
disruption is dependent on JNK, proliferation following junctional complex
disruption is largely JNK-independent.
(A-H) Confocal immunofluorescent localization of DE-cadherin (DE-cad) (Aa-Ha), matrix
metalloproteinase 1 (MMP1) (Ab-Bb, Db-Eb, Gb-Hb) and β-galactosidase (β-gal) (Cb and Fb) in
larval wing discs expressing GFP with P35 alone (Aa and Ab), Dlg-RNAi and P35 (Ba and Bb),
Dlg-RNAi and P35 in a heterozygous background of pucE69 (puc-LacZ)(Ca and Cb), DlgRNAi, P35, and Bsk-RNAi (Da and Db), Cdc42-RNAi and P35 (Ea and Eb), Cdc42-RNAi and
P35 in a pucE69 heterozygous background (Fa and Fb), Cdc42-RNAi, P35, and Bsk-RNAi (Ga
and Gb), Cdc42-RNAi and P35 in a bsk1 heterozygous background, via ptc-GAL4.
Quantification of GFP area/total wing disc area in tissues from conditions listed (I and J), n>14.
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Scale bars represent 100µm. Black statistical marks represent comparisons to the ptc>GFP
control case, red statistical marks represent comparisons to the ptc>p35 case, unless otherwise
indicated. AU - Arbitrary Units.
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Figure 2.2. Hyperproliferation following junctional complex disruption
specifically requires the upstream JNK-KK, Mekk1; hyperproliferation
following basolateral complex disruption is dependent on multiple upstream
kinases.
(A) Schematic of JNK MAPK signaling in Drosophila melanogaster. (B-H, J-O) Confocal
immunofluorescent localization of DE-cadherin, GFP, and MMP1 in wing discs expressing P35
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and GFP alone (Aa and Ab), Cdc42-RNAi, P35 (Ca and Cb), Cdc42-RNAi, Slpr-RNAi, and P35
(Da and Db), Cdc42-RNAi, Tak1-RNAi, and P35 (Ea and Eb), Cdc42-RNAi, Mekk1-RNAi, and
P35 (Fa and Fb), Cdc42-RNAi, Wnd-RNAi, and P35 (Ga and Gb), Cdc42-RNAi, Ask1-RNAi,
and P35 (Ha and Hb), via ptc-GAL4. (I) Quantification of GFP area/total wing disc area in
conditions shown in B-H, n>13. (J-O) Confocal immunofluorescent localization of DE-cadherin
and MMP1 in wing discs expressing Dlg-RNAi and P35 (Ja and Jb), Dlg-RNAi, Bsk-RNAi, and
P35 (Ka and Kb), Dlg-RNAi, Mkk4-RNAi, and P35 (La and Lb), Dlg-RNAi, Tak1-RNAi, and
P35 (Ma and Mb), Dlg-RNAi, Hep-RNAi, and P35 (Na and Nb), and Dlg-RNAi, Mekk1-RNAi,
and P35 (Oa and Ob), via ptc-GAL4. (P) Quantification of GFP area/total wing disc area in
conditions shown in B and J-O, n>13. Statistical comparisons to “B” are shown in black, while
statistical comparisons to “J” are shown in red. Scale bars represent 100µm. AU - Arbitrary
Units.
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Figure 2.3. P38 MAPK is required for proliferation following junctional
complex disruption, but not for proliferation following basolateral complex
disruption.
(A-D, F-H) Confocal immunofluorescent localization of DE-cadherin and GFP (Aa-Da), and
MMP1 (Ab-Db) in wing discs expressing GFP with P35 only (Aa and Ab), Cdc42-RNAi and
P35 (Ba and Bb), Cdc42-RNAi, p38a-RNAi, and P35 (Ca and Cb), Cdc42-RNAi, p38b-RNAi,
and P35 (Da and Db), via ptc-GAL4. (E) Quantification of GFP area/total wing disc area in
conditions shown in A-D, n>13. Statistical comparisons to “A” are shown in black, while
statistical comparisons to “B” are shown in red. Confocal immunofluorescent localization of
DE-cadherin and GFP (Fa-Ha), and MMP1 (Fb-Hb) in wing discs expressing GFP with DlgRNAi#1 and P35 (Fa and Fb), Dlg-RNAi#1, P35, and p38a-RNAi (Ga and Gb), Dlg-RNAi#1,
P35, and p38b-RNAi (Ha and Hb), via ptc-GAL4. (I) Quantification of GFP area/total wing disc
area in conditions shown in A and F-H, n>8. Scale bars represent 100µm. AU - Arbitrary Units.
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Figure 2.4. Non-autonomous TNF suppresses proliferation that results from
junctional or basolateral complex disruption.
Confocal immunofluorescent localization of DE-cadherin and GFP (Aa-Da), and MMP1 (AbDb) in wing discs expressing GFP with P35 only (Aa and Ab), Cdc42-RNAi and P35 (Ba and
Bb), Cdc42-RNAi, Egr-RNAi, and P35 (Ca and Cb), Cdc42-RNAi, Wgn-RNAi, and P35 (Da
and Db), via ptc-GAL4. (E) Quantification of GFP area/total wing disc area in conditions shown
in A-D, n>26. Confocal immunofluorescent localization of DE-cadherin and GFP (Fa-Ia), and
MMP1 (Fb-Ib) in wing discs expressing GFP with Dlg-RNAi#1 and P35 (Fa and Fb), Dlg35

RNAi#2 and P35 (Ga and Gb), Dlg-RNAi#1, P35, and Egr-RNAi (Ha and Hb), and DlgRNAi#2, P35, and Wgn-RNAi (Ia and Ib), via ptc-GAL4. (J) Quantification of GFP area/total
wing disc area in conditions shown in A, F, and H, n>18. (K) Quantification of GFP area/total
wing disc area in conditions shown in A, G, and I, n>17. Confocal immunofluorescent
localization of DE-cadherin, GFP (La and Ma) and MMP1 (Lb, Mb) in wing discs expressing
Scrib-RNAi and P35 (La and Lb), and Scrib-RNAi, P35, and Wgn-RNAi (Ma and Mb), via ptcGAL4. (N) Quantification of GFP area/total wing disc area in conditions shown in A, L, and M,
n>18. Scale bars represent 100µm. AU - Arbitrary Units.
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Figure 2.5. Depletion of Rho/Rok/Myosin suppresses proliferation following
junctional complex disruption + P35, and promotes proliferation following
basolateral complex disruption + P35.
Confocal immunofluorescent localization of DE-cadherin, GFP, and MMP1 in wing discs
expressing GFP with P35 alone (Aa and Ab), Cdc42-RNAi and P35 (Ba and Bb), Cdc42-RNAi
and P35 in a rho172F heterozygous background (Ca and Cb), and Cdc42-RNAi and P35 in a zip1
heterozygous background (Da and Db), via ptc-GAL4. (E) Quantification of GFP area/total wing
disc area in conditions shown in A-D, n>9. Confocal immunofluorescent localization of DEcadherin, GFP and MMP1 in wing discs expressing GFP with Dlg-RNAi#1 and P35 (Fa and Fb),
37

Dlg-RNAi#1, Rho1-RNAi, and P35 (Ga and Gb), Dlg-RNAi#1, Rok-RNAi, and P35 (Ha and
Hb), via ptc-GAL4. (I) Quantification of GFP area/total wing disc area in conditions shown in A,
F-H, n>17. Confocal immunofluorescent localization of DE-cadherin, GFP and MMP1 in wing
discs expressing GFP with Scrib-RNAi and P35 (Ja and Jb), Scrib-RNAi and P35 in a rho172F
heterozygous background (Ka and Kb), Scrib-RNAi, Rok-RNAi, and P35 (La and Lb), and
Scrib-RNAi and P35 in a zip1 heterozygous background (Ma and Mb), via ptc-GAL4. (N)
Quantification of GFP area/total wing disc area in conditions shown in A, J-M, n>18. Scale bars
represent 100µm. AU – Arbitrary Units.
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Figure 2.6. The ERM protein Moesin regulates Rho-JNK independent of the
junctional polarity complex.
Confocal immunofluorescent localization of DE-cadherin, GFP, and MMP1 in wing discs
expressing GFP with P35 alone (Aa and Ab), Cdc42-RNAi and P35 (Ba and Bb), Moe-RNAi
and P35 (Ca and Cb), Cdc42-RNAi, Moe-RNAi, and P35 (Da and Db), Cdc42-RNAi, Moe, and
P35 (Ea and Eb), via ptc-GAL4. (F) Quantification of GFP area/total wing disc area in
conditions shown in A-D, n>12. Scale bars represent 100µm. AU – Arbitrary Units.
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Figure 2.7. Wing Disk Image analysis.
Related to figures 1-6. (A) Full wing disk showing immunofluorescence staining of E-cadherin
(red) and expression of GFP via ptc-GAL4 (green). (B) Identified regions: whole-wing (red
outline) and Ptc region (green outline). (C) E-cadherin immunofluorescence with overlay of
identified regions. (D) Ptc-GFP image with overlay of identified regions. Scale bars represent
100µm.
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Figure 2.8. Dlg-RNAi#1 and #2 effectively decrease Dlg protein levels, and
Dlg-RNAi#1 is still effective when expressed in wing discs in combination with
Bsk-RNAi and P35.
Related to figures 1-5. Confocal immunofluorescent localization of DE-cadherin (DE-cad), GFP
(Aa, Ba, Ca, Da, Ea, Fa, Ga, Ha), Dlg (Ab, Bb, Cb), MMP1 (Db, Fb, Gb, Hb), and Activated
Caspase 3 (AC3) (Eb) in larval wing discs expressing Dlg-RNAi #1 (Aa and Ab), Dlg-RNAi #2
(Ba and Bb), or the combination of Dlg-RNAi#1, Bsk-RNAi, and P35 (Ca and Cb), Baz-IR and
P35 (Fa and Fb), aPKC-IR and P35 (Ga and Gb), or Par6-IR and P35 (Ha and Hb) via ptc-GAL4,
or in MARCM clones of Dlg1 (Da and Db) or Cdc424 (Ea and Eb). Scale bars represent 100µm
in A-C and E. Scale bar represents 20µm in D.
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Figure 2.9. UAS-Egr induces ablated eye phenotype when expressed in
developing D. melanogaster eye, UAS-Egr-RNAi, UAS-Wgn-RNAi, UAS-HepRNAi are effective at rescuing ablated eye phenotype towards wild type
phenotype, Scrib-RNAi effectively reduces Scrib protein levels in developing
D. melanogaster wing disc.
Related to figures 4 and 5. Adult eyes expressing gmr-GAL4 alone (A), or in combination with
UAS-Egr (B), UAS-Egr and UAS-Egr-RNAi (C) UAS-Egr and UAS-Hep-RNAi (D), or UASEgr and UAS-Wgn-RNAi (E). Confocal immunofluorescent localization of DE-cadherin (DEcad) (Fa) and Scrib (Fb) in larval wing disc expressing Scrib-RNAi, via ptc-GAL4. Scale bar
represents 100µm.
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Figure 2.10. Rok-RNAi effectively reduces pospho-Myosin Light Chain
staining in wing discs.
Related to Figure 5. Confocal immunofluorescent localization of DE-cadherin (DE-cad) and
GFP (Aa), and phospho-Myosin Light Chain (pMLC) (Ab) in larval wing disc expressing RokRNAi via ptc-GAL4. Scale bar represents 100µm.
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Figure 2.11. Moesin-RNAi induces apoptosis, Moe-myc protein is expressed.
Related to Figure 6.
Confocal immunofluorescent localization of DE-cadherin (DE-cad) and GFP (Aa and Ba),
cleaved caspase 3 (AC3) (Ab), and myc (Bb) in larval wing discs expressing UAS-Moe-RNAi
(Aa and Ab) or UAS-Moe-myc (Ba and Bb) via ptc-GAL4. Scale bars represent 100µm.
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2.8 Tables
Table 2.1. Quantification of Hyperproliferation in ptc Expression Domain
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Table 2.2. Quantification of Hyperproliferation in ptc Expression Domain
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Table 2.3. Quantification of Hyperproliferation in ptc Expression Domain
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Table 2.4. Quantification of Hyperproliferation in ptc Expression Domain
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3.1 Abstract
The establishment and maintenance of apical-basal polarity is a defining characteristic
and essential feature of functioning epithelia. Apical-basal polarity (ABP) proteins are also
tumor suppressors that are targeted for disruption by oncogenic viruses and are commonly
mutated in human carcinomas. Disruption of these ABP proteins is an early event in cancer
development that results in epithelial disorganization, yet precisely how this occurs remains
unclear. Using the Drosophila melanogaster follicular epithelium, we demonstrate that
disruption of junctional vs. basolateral polarity results in distinct phenotypes with respect to cell
migration and basement membrane deposition. Using quantitative optical flow image analysis,
we show that disruption of the junctional polarity complex results in the formation of large holes
in the migrating epithelial sheet, while coordinated movement of collective migration is
maintained. On the other hand, following disruption of the basolateral complex, epithelial
integrity is largely maintained, but the organization of collective motion decreases. We also
show that disruption of the Scrib complex, but not the Par complex, causes aberrant
accumulations of extracellular matrix proteins in both the pericellular space and the basement
membrane. These findings provide further insight into how disruption of junctional or
basolateral polarity complexes can alter epithelial cell migration, extracellular matrix protein
production, and basement membrane homeostasis.
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3.2 Introduction
During development, proper tissue morphogenesis requires precisely regulated cell
behaviors and coordinated interaction of cells with their extracellular environment. Epithelial
morphogenesis, in particular, is a highly dynamic and regulated process in which large-scale
tissue changes are achieved as a result of the coordinated movements of single cells, as occurs
during gastrulation and primitive streak formation. How epithelial cells coordinate their
movement with their neighbors and dynamically modify their basement membranes during
morphogenesis remains unclear and has broad implications for cell and developmental biology.
The Drosophila egg chamber and follicular epithelium provides a powerful system for
studying the interplay between epithelial movement and basement membrane dynamics[1]. The
Drosophila ovariole contains a series of egg chambers (ECs), each of which develop into a single
egg. Each EC contains a central cluster of germ cells surrounded by the somatic follicular
epithelium. The follicular epithelial (FE) cells are polarized along their apical-basal axis with
their apical surfaces contacting the inner germ cells, and their basal surface contacting a
Collagen-IV (ColIV)-rich basement membrane, which is produced almost entirely by the
follicular epithelial cells[1-3] (Fig 3.1A). Egg chamber development is divided into 14
morphological stages, during which individual egg chambers begin as stationary spherical
structures, but then rotate within their basement membranes and elongate to form their final
ellipsoid shape[1,4-6].
Egg chamber elongation is dependent on the coordinated cytoskeletal organization and
subsequent migration of individual FE cells within the basement membrane (BM). FE cells
polarize their basal actin and microtubule cytoskeletons to form a linearly organized network that
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initiates an organized collective migration along the BM. The migrating FE cells also alter the
BM as they move[1,4,5,7]. Before the initiation of FE cell migration, the BM is largely uniform,
but between stages 5 and 8, ColIV, Perlecan, and Laminin are deposited in a linear fashion as
cells move. These ECM proteins eventually form a linearly organized basement membrane that
is provides directional cues that help maintain the organized motion of the FE cells[4,5,8]. It is
clear that FE cell migration and BM structure in the developing EC are linked, but the details of
how cells produce and align this BM remain unclear.
Recent evidence suggests that both the mRNA’s and processing machinery for ECM
proteins are distributed within FE cells in a polarized manner. mRNAs are localized to the basal
region of FE cells and appear to be translated into nascent polypeptides specifically in the basal
region of the FE cells. These proteins are then transported to the extracellular space via Rab10
positive vesicles, which themselves are predominantly localized to the basal region of FE
cells[7,8]. How this polarization of ECM synthetic machinery is established and maintained
remains unclear.
Here we assess the role of apical-basal polarity proteins in regulation of FE collective
migration and BM protein trafficking out of the cell. Using in vivo analysis of the Drosophila
follicular epithelium, we show that disruption of the junctional Partitioning Defective (Par)
versus basolateral Scribble (Scrib) polarity complex causes distinct phenotypes with respect to
epithelial integrity, cell migration, and basement membrane protein secretion. Using quantitative
optical flow image analysis, we demonstrate that disruption of the Par complex results in a
discontinuous epithelium, while the organization of collective migration is largely maintained.
Disruption of the Scrib complex, on the other hand, leaves the FE intact but results in decreased
organization of collective motion. Finally, we show that disruption of the basolateral polarity
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complex leads to a failure of proper ECM protein secretion to the BM, leading to aberrant
accumulation of ECM proteins in the pericellular space and BM.
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3.3 Results
Disruption of junctional versus basolateral polarity leads to distinct phenotypes in the
follicular epithelium.
To address what role ABP proteins play in organizing in the Drosophila egg chamber and
follicular epithelium, we depleted members of the Par and Scrib complex using the traffic jamGal4 (tj-Gal4) driver, which is specifically expressed in both the FE cell precursors and FE cells
throughout all developmental stages[9], but with increasing expression in later stages of follicle
cell development (Fig 3.1B). During normal follicular epithelial development, the FE cells form
a continuous sheet of adherent cells that line the egg chamber and sit on top of the FE basement
membrane (Fig 3.1C). Depletion of Par6 or aPKC in the follicular epithelium caused large holes
in the epithelium that enlarged as the ECs progressed through development (Fig 3.1D-E, Fig
3.5D). We also noted decreased levels of adherens junction components at the apical membrane
following Par6 depletion (Fig 3.5E-G), which could leave these epithelial cells incapable of
maintaining adhesion to their neighboring cells. On the other hand, following depletion of Scrib
or Dlg, the epithelium remained intact, without any evidence of any holes or gaps (Fig. 3.1F and
Fig 3.5C), and with normal expression levels of E-cadherin and β-catenin (Fig. 3.5F). However,
depletion of either Scrib or Dlg in FE cells did result in epithelial inclusions within ECs, as has
been reported previously for dlg mutant egg chambers[10] (Fig 3.1F and Fig 3.5B). These
results suggest that the roles the Par and Scrib polarity complexes play distinct roles in the
follicular epithelium. Disruption of the Par complex causes holes to develop in the epithelium,
but organized migration is maintained; while disruption of the Scrib complex leaves the

60

epithelium intact, but causes the aberrant accumulation of cells, resulting in a multilayered
epithelium.

Disruption of the Par and Scrib complex decrease the speed of FE cell migration, Scrib
depletion decreases organization of collective motion.
To assess whether ABP polarity was important for the organized migration of FE cells,
we depleted members of the Par or Scrib complex in the FE with the tj-Gal4 driver and analyzed
cell migration with quantitative optical flow image analysis (see Materials and Methods).
Interestingly, depletion of Scrib, but not Par6, resulted in decreased organization of motion (Fig
3.2A-C), despite the fact that Par6-depletion caused a loss of epithelial integrity and the
formation of large holes in the epithelium. Depletion of both Scrib and Par6 decreased the speed
of epithelial migration in stage 6-7 egg chambers, but did not affect FE cell migration speed
during stages 3-5 (Fig. 3.2D-G). As stages 6-7 are the stages when FE cell migration is near
maximal, this suggests that maintenance of proper polarity is important for efficient cell
migration.

Scrib depletion in FE cells causes aberrant accumulation of ECM proteins.
Since the linear organization of basement membrane proteins in the FE BM is thought to
promote organized motion of the epithelial cells[4,5,11], we asked whether the BM organization
was altered following depletion of the Scrib complex, and if this could account for the decreased
organization of migration. Surprisingly, depletion of Scrib in the FE, but not Par6, resulted in
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aberrant accumulation of ColIV (Fig 3.3A-D). These accumulations appeared to lie at the level
of the BM, in the pericellular space, and in the apical region within the FE cells (Fig. 3.3B, C).
To assess whether these accumulations were a result of a failure of intracellular transport that
caused a block in the ECM protein secretory pathway, we stained Scrib-depleted egg chambers
with markers of the endoplasmic reticulum (anti-KDEL), and cis-golgi (anti-GM130). We
observed no change in the distribution of these markers compared to control, and no
colocalization of these markers with the ColIV accumulations (Fig 3.6A-D). Laminin also
exhibit aberrant accumulations when Scrib-RNAi was expressed in the FE, and these Laminin
accumulations frequently colocalized with the ColIV accumulations (Fig. 3.3F).
In order to visualize where exactly these ECM proteins were accumulating in the FE, we
performed focused ion beam scanning electron microscopy (FIB-SEM), which provides EM
images between subsequent rounds of milling of an embedded sample. This technique can then
be used to create a three dimensional reconstruction of a tissue, allowing for detailed localization
of subcellular components in different regions within a cell. We used a ruthenium red fixative to
stain ECM proteins during sample preparation[12]. When comparing control and Scrib-depleted
ECs, we found frequent accumulations of densely staining material in the pericellular regions of
Scrib-depleted FE cells in a similar distribution to what was observed in Vkg-GFP, Scrib-RNAi
samples (Fig. 3.4B) by standard confocal microscopy. These accumulations were never
observed in the control case (Fig. 3.4A). In addition, we found that the actual thickness of the
BM that is deposited by Scrib-depleted FE cells is significantly less than in the control case (Fig.
3.4C). Taken together, these data suggest that the Scrib complex integrity is important for the
proper secretion or processing of ECM BM proteins.
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3.4 Discussion
BMs are often thought of as largely static and stable structures that simply provide
mechanical support to epithelial tissues. However, with our growing understanding of tissue
morphogenesis and development, it is clear that BMs are highly dynamic structures that play
crucial roles in shaping tissues and providing mechanical and directional clues for cellular
homeostasis and migration during development. Here we demonstrate that the integrity of the
ABP signaling network is important for both the homeostasis of Drosophila follicular epithelial
cells and BM architecture.
We found that disruption of the Par versus Scrib polarity complex leads to distinct
phenotypes in the Drosophila follicular epithelium. This is intriguing as it suggests that these
polarity complex play unique roles in the regulation of epithelial homeostasis, adhesion, ECM
protein production, and BM architecture. Disruption of the Par complex compromises the
integrity of the FE, leaving large holes in epithelial layer. However, the cells that remain still
retain the ability to migrate in a highly organized manner. On the other hand, following Scrib
depletion from the FE, the integrity of the epithelium is maintained, but migratory organization is
reduced. These phenotypic differences with respect to organized movement may result from the
fact that Par complex disruption does not alter BM architecture, while Scrib complex disruption
does. Since the BM organization likely provides directional information to the migrating FE
cells, any defect therein may result in decreased organization.
Recent work suggests that Rab10-positive vesicles located in the basal region of FE cells
and are specifically required for transport of ColIV and other ECM proteins out of the FE cells as
they migrate[7,8]. It is unclear how Rab10 vesicles are targeted and retained in the basal region
of FE cells, and this may be dependent on the integrity of the Scrib polarity complex, as the ABP
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signaling network is responsible for the asymmetric distribution of many cellular structures and
molecules. Perhaps the Scrib polarity complex is important for the establishment of the basal
network of ECM producing mRNA’s and enzymes that are required for ECM secretion as well.
This is an important area that remains for future study.
In conclusion, this work demonstrates, in an intact in vivo epithelium, the differing roles
that ABP proteins play in regulating epithelial adhesion, migration, and BM formation. And
how matrix remodeling can play an important role in cell migration and ultimately tissue
morphogenesis.
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3.5 Materials and Methods
Fly Stocks and Genetics
All crosses and staging were performed at 25°C unless otherwise noted. w1118 was used as
wild-type. Stocks are described in FlyBase (http:// flybase.org/). UAS-Scrib-RNAi (B#29552),
UAS-aPKC-RNAi (B#25946) were provided by the Bloomington Drosophila Stock Center
(BDSC); Nrg-GFP; TJ-Gal4, Indy-GFP and TJ-Gal4, Vkg-GFP by S. Horne-Badovinac
(University of Chicago, Chicago IL, USA. UAS-Par6-RNAi (V#19731) and UAS-Dlg-RNAi
(V#41134) were provided by the Vienna Drosophila RNAi Center (VDRC). UAS-mCherry was
provided by J. Skeath (Washington University, St. Louis, MO, USA).

Immunofluorescence and Image processing
Ovarioles were dissected out of 1-3d old adult females that had been provided normal fly food
plus dry yeas for 1-2d. For fixed tissues processing, ovarioles were fixed in 4%
paraformaldehyde diluted in PBS for 40 min, washed once for five minutes in PBX (PBS with
0.1% Triton X-100), twice for 20min in PAXD (PBS with 1% bovine serum albumin, 0.3%
Triton X-100, and 0.3% deoxycholate), and once for 20min in PAXDG (PAXD with 5% normal
goat serum), all on ice. Tissues were incubated overnight in primary antibody diluted in PAXDG
at 4°C and washed three times in PBX at room temperature. After four or more hours incubated
in secondary antibody diluted in PAXDG at 4°C, they were washed twice in PBX, and washed
once in PBS, all at room temperature. Prepared tissues were mounted in Vectashield mounting
media (Vector Laboratories, Burlingame, CA) with or without DAPI, as needed. For live
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imaging of cell migration, ovarioles were dissected and prepared as described previously[4,5,8].
Antibodies used were rat anti-DE-cadherin (1:20), mouse anti-Discs large (1:50) (from the
Developmental Studies Hybridoma Bank at the University of Iowa), rabbit anti-GM130 (1:100,
Abcam), guinea pig anti-Scrib (1:500, from D. Bilder, University of California, Berkeley), rabbit
anti-KDEL (1:500, from J. Skeath, Washington University, St. Louis, MO), and rabbit antiLaminin (1:500, from J. Skeath Washington University, St. Louis, MO). Secondary antibodies
were Alexa 488 and 568 (Invitrogen) and Cy5 (Jackson ImmunoResearch). Immunofluorescence
were acquired on a Zeiss LSM700 confocal microscope using a 10X Neofluor (NA 0.3) air lens,
20X Apochromat (NA 0.8) air lens, or 63X Apochromat oil immersion lens (NA 1.4); or images
were acquired on a Nikon A1Rsi confocal microscope with a 100x oil immersion high NA lens.
Image J64 (National Institutes of Health, Bethesda, MD) was used to adjust brightness and
contrast of whole images.

Statistics
P values were calculated via unpaired, two-sided Student’s t test. *p<.05, **p<.01, ***p<.001.

Quantitative Optical Flow Image Analysis
Migration of follicular epithelial cells was measured using Optical Flow implemented using a
customized Matlab script. Custom script is available upon request. For more information
see[13].
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3.7 Figures
A
Stage 7

Stage 8

Ba

Bb

Stage 6

Stage 5
Stage 3

DE-cad
ColIV

C

Membranes

TJ>UAS-mCherry
TJ>Par6-RNAi

E

D

*

*

*
*

*

*

*
*

Control
Fa

TJ>Scrib-RNAi Fb

TJ>Par6-RNAi
TJ>Scrib-RNAi

Fc

TJ>Scrib-RNAi

TJ>Scrib-RNAi

TJ>Scrib-RNAi

Figure 3.1. Depletion junctional versus baslolateral polarity proteins leads to
distinct phenotypes in the follicular epithelium.
(A) Confocal immunofluorescent localization of E-cad and Vkg-GFP in a control ovariole, egg
chamers ranging from stage 3-8 are shown. (B) Confocal immunoflurescent localization of
membrane bound GFP (Nrg-GFP, INDY-GFP) and UAS-mCherry driven by the tj-Gal4 driver.
(C-E) Confocal immunofluorescent localization of membrane-localized GFP (Nrg-GFP and
INDY-GFP) in follicular epithelia expressing either control (C), Par6-RNAi (D), or Scrib-RNAi
(E) via the tj-Gal4 driver. (F) Confocal immunofluorescent localization of membrane-localized
GFP in follicular epithelia expressing Scrib-RNAi via tj-Gal4. (Fb) Expanded view of a single
z-plane throught the middle of the egg chamber boxed in red in (Fa). (Fc) Expanded view of a
single z-plane of the egg chamber boxed in yellow in (Fa). Scale Bars represent 50µm.
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Figure 3.2. Depletion of Par6 or Scrib causes decreased speed of migration;
depletion of Scrib causes decreased organization of collective motion.
(A-C) Confocal immunofluorescent localization of membrane markers Nrg-GFP and Indy-GFP,
overlayed with color shaded directional migration data from optical flow image analysis obtained
from time-lapse confocal images of FE cell migration in control (A), Scrib-RNAi (B), or Par6RNAi (C) expressed via the tj-Gal4 driver. (D-F) Confocal immunofluorescent localization of
membrane markers Nrg-GFP and Indy-GFP, overlayed with heat map depicting migration speed,
obtained from time-lapse confocal images of FE cell migration in control egg chambers
expressing control(A), Scrib-RNAi (B), or Par6-RNAi (C) via the tj-Gal4 driver. (G)
Quantification of speed of FE cell migration in ECs shown in (D-F), binned into grops of ECs at
stages 3-5 and at stages 6-7. n>4 for each condition. Scale bars represent 20µm.
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Figure 3.3. Scrib depletion causes aberrant accumulation of ECM proteins
within the plane of BM and within the plane of follicular epithelium.
(A-D) Confocal immunofluorescent localization of Vkg-GFP and DE-cad in egg chambers
expressing nothing (A, control), Scrib-RNAi (B-C), or Par6-RNAi (D) via tj-Gal4. (E-F) White
arrows highlight ColIV accumulations in (Bc). Confocal immunofluorescent localization of
Vkg-GFP, Laminin, and DE-cad in egg chambers expressing nothing (E, control) or Scrib-RNAi
(F) via tj-Gal4. Yellow arrows highlight ColIV and Laminin accumulations that colocalize in
(Fa-Fb). Scale bars represent 20µm.
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Figure 3.4. ECM proteins accumulate in the pericellular space in Scribdepleted follicular epithelia and Scrib-depleted FE have decreased basement
membrane thickness.
(A-B) Electron micrographs acquired from a focused ion beam scanning electron microscope
(FIB-SEM) from egg chambers expressing either nothing (control) or Scrib-RNAi via tj-Gal4.
Yellow arrows highlight regions of ECM protein accumulation in (B). Yellow asterisk
highlights the BM in (B). (C) Quantification of average basement membrane thickness from egg
chambers expressing nothing (control) or Scrib-RNAi via tj-Gal4. Average thickness was
measured for n>52 consecutive z-sections for each condition. ***p<.001.
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Figure 3.5. Par6 or aPKC depletion causes holes in follicular epithelium, Dlg
depletion causes intra-egg chamber inclusions of epithelial cells but epithelial
integrity is maintained, Par6 depletion causes decreased localization of
adherens junctions proteins to the apical membrane of follicle epithelial cells.
(A) Confocal immunofluorescent localization of Vkg-GFP and DE-cad in an egg chamber
expressing Par6-RNAi. Yellow asterisk marks large epithelial hole in (Ab). (B) Single z-plane
showing intra-egg chamber epithelial cells from confocal z-stack of images of membrane
markers, Nrg-GFP and INDY-GFP, in egg chamber expressing Dlg-RNAi via tj-Gal4. (C)
Confocal fluorescent localization of Nrg-GFP and INDY-GFP in egg chambers expressing DlgRNAi via tj-Gal4. (D) Confocal fluorescent localization of membrane markers, Nrg-GFM and
Indy-GFP, in egg chamber expressing aPKC-RNAi via tj-Gal4. (E-G) Confocal
immunofluorescent localization of β-catenin and DE-cadherin in egg chambers expressing
nothing (E, control), Scrib-RNAi (F), or Par6-RNAi (G) via tj-Gal4. Scale bars represent 20µm
in (A), and (E-G). Scale bars represent 50 µm in (C) and (D).
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Figure 3.6. Scrib depletion does not affect golgi or endoplasmic reticulum
(ER) distribution, ColIV and Laminin accumulations do not colocalize with
golgi or ER.
(A-B) Confocal immunofluorescent localization of ColIV-GFP, the ER stain KDEL, and DE-cad
in egg chambers expressing nothing (A, control) or Scrib-RNAi (B) via tj-Gal4. (C-D) Confocal
immunofluorescent localization of ColIV-GFP, the golgi stain GM130, and DE-cad in egg
chambers expressing nothing (C, control) or Scrib-RNAi (D) via tj-Gal4. Scale bars represent
20µm.
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4.1 Abstract
The Hippo pathway controls organ growth and is implicated in cancer development. Whether
and how Hippo pathway activity is limited to sustain or initiate cell growth when needed is not
understood. Members of the AJUBA family of LIM proteins are negative regulators of the
Hippo pathway. In mammalian epithelial cells we find that AJUBA LIM proteins limit Hippo
regulation of YAP, only in proliferating cells, by sequestering a cytosolic Hippo kinase complex
in which LATS kinase is inhibited. At the plasma membrane of growth-arrested cells AJUBA
LIM proteins do not inhibit or associate with the Hippo kinase complex. The ability of AJUBA
LIM proteins to inhibit YAP regulation by Hippo and associate with the kinase complex directly
correlates with their capacity to limit Hippo signaling during Drosophila wing development.
AJUBA LIM proteins did not influence YAP activity in response to cell-extrinsic or cell-intrinsic
mechanical signals. Thus, AJUBA LIM proteins limit Hippo pathway activity in contexts where
cell proliferation is needed.
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4.2 Introduction
Proliferating metazoan cells, upon formation of a complete organ in vivo undergo growth
arrest or cessation of proliferation, which is critical for the ultimate determination of organ size
during development. The Hippo tumor suppressor pathway, which is highly conserved from
Drosophila to humans, is a central signaling pathway controlling organ size during development
by regulating cell apoptosis and proliferation. The Hippo pathway is also important for tissue
regeneration and repair in response to injury in adult organisms, and its deregulation appears to
contribute to both tumor development and suppression (1) (2).
At its core, the Hippo pathway is a kinase cascade. The Ste-20 kinases, MST1 and MST2
(Drosophila Hpo), along with the WW domain-containing scaffold protein, WW45 (Drosophila
Sav), bind to and phosphorylate the scaffolding protein MOB1A/B (Drosophila Mats) (3).
Phosphorylation of MOB1 enhances its association with the NDR kinases LATS1 and LATS2
(Drosophila Wts) and their phosphorylation and subsequent activation by MST kinases (4, 5).
LATS1/2 in turn phosphorylate the transcriptional co-activators YAP and TAZ (Drosophila Yki)
at multiple sites, some of which lead to the sequestration of YAP/TAZ in the cytosol through an
interaction with 14-3-3 proteins, while others target YAP/TAZ for degradation by the
proteasome (4, 6). In the absence of LATS activation (i.e. Hippo pathway off), YAP and TAZ
are predominantly nuclear where they bind to the TEAD family of transcription factors, enhance
the transcription of pro-proliferative and anti-apoptotic genes, and cell proliferation ensues (7, 8).
The upstream signals leading to Hippo pathway activation and subsequent
phosphorylation and inactivation of YAP leading to cessation of proliferation are diverse and can
involve distinct intracellular signaling cascades. These include changes in cell-cell contact, cell
polarity, cell tension, anoikis, and hormonal signals (9-14). In particular, the Hippo pathway
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plays an important role in cell-cell contact inhibition of proliferation (CIP) (11). As epithelial
cells come into contact with one another they adhere to form a confluent sheet of cells, cell-cell
adhesion activates the Hippo pathway, which inhibits YAP and proliferation slows (13). Further
increase in cell density leads to cell compaction, individual cell area decreases, and cell
proliferation ceases altogether. In addition, mechanical signals resulting from cell compaction
may inhibit YAP independent of LATS kinases (10, 15). When cells are sparse and cell-cell
contacts rare, the Hippo pathway is off, YAP active, and cells proliferate. Thus, understanding
how Hippo pathway activity is tuned in response to cell-cell contact and density within an
epithelium could provide crucial insight into organ development, tumorigenesis, and tissue
repair.
While much has been learned about upstream molecular and cellular components
required for activation of the Hippo core kinase complex much less is known about molecular
and cellular determinants that either turn off the Hippo pathway or limit Hippo pathway activity.
The Ras-associated protein, Rassf6, negatively regulates Hippo pathway signaling in mammals
by antagonizing WW45 binding to Mst2 (16). Salt-inducible kinases inhibit Hippo signaling in
Drosophila by phosphorylating Sav and thereby inhibiting Hpo/Wts association (17). The
phosphatase PTPN14 promotes nuclear to cytoplasmic trafficking of YAP; but the phosphatase
activity may not be necessary for it to inhibit Hippo signaling (18, 19). Finally, members of the
AJUBA family of LIM domain-containing proteins inhibit Hippo signaling at the level of the
core kinases (20). For all these negative regulators, the precise environmental or developmental
signal or context that influence their activity, and how, is not fully understood.
There are three mammalian members of the AJUBA LIM protein family: AJUBA,
LIMD1 and WTIP, and one Drosophila ortholog, dJub. dJub is an essential gene for Drosophila
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embryo development, for reasons not fully understood (20) (21). Conditional depletion of dJub
in developing organs, however, results in a decrease in organ size through a genetic interaction
with the Hippo pathway (20). Genetic epistasis experiments and protein-protein interaction
studies indicate that the AJUBA LIM proteins inhibit the Hippo pathway at the level of the core
kinase complex (20). Phosphorylation of AJUBA LIM proteins by either EGFR stimulated
MAPK (22), or JNK (23, 24) promotes binding of AJUBA LIM proteins/dJub to LATS/Wts. In
drosophila tissues increases in cytoskeletal tension inhibits Hippo signaling through induction of
a dJub-Wts complex (25). We set out to determine the molecular mechanisms, and cell and
developmental context for how AJUBA LIM proteins inhibit the Hippo pathway during
epithelial cell-cell contact inhibition of proliferation (CIP).
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4.3 Results
AJUBA LIM proteins influence YAP activity in proliferating but not growth arrested
epithelial cells
To determine how AJUBA LIM proteins limit Hippo pathway activity in mammalian
epithelial cells we studied contact inhibition of proliferation (CIP); a well-described Hippo
pathway regulated event (7, 11). Human MCF10A breast epithelial cells were cultured at
various densities: (a) sparse or low density (LD) in which cells are not contacted and proliferate,
as determined by BrdU uptake (Fig. 1A); (b) confluent in which cell-cell adhesions have formed
and proliferation has begun to decrease; and (c) compacted or high density (HD) where cell
proliferation has ceased, as determined by BrdU uptake (Fig. 1A).
In proliferating, LD cells there was low level of inhibitory YAP phosphorylation
(pS127.YAP) (Fig. 1C), YAP was predominantly nuclear (Fig. 1D, quantified in 1E), and
transcriptionally active (Fig. 1F). In HD growth arrested cells pS127.YAP level was higher,
nuclear YAP level decreased, and YAP transcriptional activity decreased (Fig. 1C-F). When
AJUBA and LIMD1, two of the three mammalian AJUBA LIM proteins, were RNAi-depleted
individually there was no significant change in pS127.YAP level or YAP transcriptional activity
in cells at LD or HD (Fig. 1C, F). However, when both AJUBA and LIMD1 were RNAidepleted in LD cells the level of pS127.YAP increased, nuclear YAP levels decreased, and YAP
transcriptional activity decreased (Fig. 1C-F). The pS127.YAP level in AJUBA/LIMD1
depleted LD cells approached that detected in control growth arrested cells at HD (Fig. 1C).
Depletion of both AJUBA and LIMD1 in non-proliferating HD cells did not result in any change
in pS127.YAP level, YAP nuclear level, or YAP transcriptional activity (Fig. 1C-F). Consistent
with the increase in pS127.YAP level and decreased nuclear YAP in LD cells depleted of
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AJUBA/LIMD1, cell proliferation decreased while in HD cells depletion of AJUBA and LIMD1
did not affect cell proliferation, as determined by BrdU uptake (Fig. 1A, quantified in 1B). We
were unable to deplete all three mammalian AJUBA LIM proteins as doing so resulted in cell
death, in agreement with results in Drosophila where the single AJUBA LIM gene, dJub, is
essential for embryonic development (20). There was no increase in cell death in
AJUBA/LIMD1 depleted cells, however (Fig. 2A).
These results indicated that in proliferating mammalian epithelial cells the presence of the
AJUBA and LIMD1 LIM proteins limited YAP inhibition thereby sustaining cell proliferation,
whereas in growth-arrested epithelium where YAP was maximally inhibited the AJUBA and
LIMD1 LIM proteins had no further effect upon YAP regulation.

In mammalian cells AJUBA LIM proteins do not affect YAP regulation by mechanical
signals
During CIP cell spreading becomes restricted as cells are compacted (e.g., high density).
This can lead to decreased intracellular tension. Similarly, when cells spread (e.g., low density)
intracellular tension increases. In mammalian cells YAP can be activated by cell-extrinsic and
cell-intrinsic mechanical signals (e.g., exposure to a stiff ECM or increased intracellular tension,
respectively) (10) (15). Rho GTPase and actin turnover are critical for this response yet whether
the Hippo core kinase cascade and LATS are required is not clear (10, 24, 29). Furthermore,
during Drosophila wing development dJub, was recently shown to be genetically required for
intracellular tension-mediated regulation of Yki (YAP) (25). It was proposed in that study that
dJub recruited Wts to a-catenin-dependent junctions in a tension dependent manner. These
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observations led us to ask whether, in mammalian epithelial cells, AJUBA LIM proteins affected
YAP regulation in response to mechanical signals, which can be present during CIP.
To do so we undertook two approaches. First, we plated MCF10A cells +/- AJUBA and
LIMD1 at low and high densities on fibronectin-coated soft and stiff polyacrylamide hydrogels
and determined the nuclear/cytoplasmic distribution of YAP. We confirmed that exposure of
cells at LD or HD to a stiff ECM increased proliferation, as measured by BrdU incorporation
(Fig. 2B, quantified in 2C). In LD cells on soft matrices YAP was predominantly cytoplasmic,
however when exposed to a stiff ECM nuclear YAP level and transcriptional activity (e.g.,
CTGF transcription) increased, as expected (Figs. 3A - quantified in 3B, and 3C) (10). In LD
cells RNAi-depleted of AJUBA and LIMD1, the increase in nuclear YAP level and
transcriptional activity in response to shifting from soft to stiff matrices still occurred to the same
extent as control cells (1.9 fold versus 2.1 fold for nuclear protein level and 2.3 fold versus 2.6
fold for CTGF transcription: Fig. 3A - quantified in 3B and 3C). In cells at HD there was little
nuclear YAP detected regardless of whether cells were plated on soft or stiff matrices and
depletion of AJUBA and LIMD1 had no effect upon the subcellular distribution of YAP on
either soft or stiff matrices (Fig. 3A).
In control experiments, depletion of AJUBA and LIMD1 did not affect the increase in
intracellular tension that follows exposure to a stiff environment, as determined by pS3-Cofilin
level (Fig. 3D) and F-actin polarization (Fig. 3A). Phospho-S3.Cofilin is a downstream target of
LIMK(30) that is activated by increased Rho-ROCK in cells exposed to a stiff ECM.
In the second approach, cells were plated on micro-fabricated pillars or islands of
increasing area. On small pillars (300 µm2) cells do not spread and intracellular tensions are
low, while on larger islands (2025 µm2) cells spread and intracellular tension increases. In cells
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on small pillars the nuclear/cytoplasmic ratio of YAP was low and this increased in cells spread
on large pillars, as expected (Fig. 3E, quantified in 3F) (10). Depletion of AJUBA and LIMD1
did not affect the YAP nuclear/cytoplasmic distribution in response to increasing intracellular
tension (Fig. 3E, quantified in 3F).
These results indicated that in mammalian MCF10A breast cells AJUBA LIM proteins
did not influence YAP activity following exposure to two different mechanical signals: a cellextrinsic signal (stiff ECM) and a cell-intrinsic signal (intracellular tension).

AJUBA LIM proteins inhibit activation of LATS by the core Hippo kinase complex in
proliferating but not growth-arrested cells
To determine if the AJUBA LIM proteins inhibited Hippo pathway regulation of YAP in
mammalian cells, and how, we reconstituted Hippo signaling in proliferating transformed
HEK293T epithelial cells. Since LIMD1 is the most closely related mammalian AJUBA LIM
protein to dJub we used LIMD1 as the AJUBA LIM protein for all subsequent experiments.
When cells were transfected with YAP alone or YAP and LIMD1, the presence of LIMD1
resulted in a 50% reduction in pS127.YAP level (Fig. 4A), consistent with its role in regulating
YAP in proliferating MCF10A cells (Fig. 1).
The Hippo pathway consists of a core multi-protein kinase complex. MST kinases
phosphorylate and activate LATS kinases, which in turn phosphorylate YAP at S127 and other
sites. The adapter protein WW45 modulates MST kinase activity while MOB proteins influence
LATS kinase activity. Phosphorylation of S127 in YAP leads to its nuclear exclusion, and thus,
inhibition of transcriptional activity (i.e., Hippo pathway inhibits YAP activity). Epitope-tagged
MST2, WW45, LATS2, and MOB1A were co-transfected into HEK293T cells in different
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combinations and LATS2 activity in total cell lysates determined by Western blotting with
antibodies specific for active LATS2: pT1041.LATS2 and pS872.LATS2 (16) (31). Expression
of MST2 and MOB1A were sufficient to induce maximal LATS2 activation (Fig. 4B). The
addition of WW45 did not further enhance LATS2 activity (Fig. 4B). Neither MOB1A nor
MST2 alone activated LATS2 (Fig 4B). Expression of LIMD1 in all conditions that activated
LATS2 decreased the amount of total cellular active LATS2 (Fig. 4B). There also appeared to
be a subtle decrease in the molecular size of MST2 in the presence of LIMD1 suggesting that
LIMD1 may also affect MST2 phosphorylation (and possibly activity) when associated with the
core Hippo kinase complex (Fig. 4B).
In sum, we were able to reconstitute Hippo pathway regulation of LATS activity in
HEK293T cells and in this reconstituted system the AJUBA LIM protein LIMD1 inhibited
LATS activation by the Hippo core kinase complex, and thus likely, YAP inactivation.

AJUBA LIM proteins preferentially associate with LATS kinases in proliferating, but not
growth arrested cells.
Genetic epistasis experiments in Drosophila revealed that dJub (the single ortholog of
mammalian AJUBA LIM protein family genes) inhibits Hippo pathway signaling at the level of
the core kinase complex upstream of Yki (mammalian YAP/TAZ) (20). To determine how
AJUBA LIM proteins inhibited the activation of LATS we first asked which components of the
Hippo kinase complex the AJUBA LIM proteins interacted with. When LIMD1 was expressed
with LATS2, MST2, WW45, MOB1A, or YAP individually, LIMD1 was found to associate with
LATS2 and WW45, but not MST2, MOB1A or YAP in co-immunoprecipitation experiments
(Figs. 4C). To confirm these interactions in cells expressing endogenous levels of Hippo
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pathway components and AJUBA LIM proteins (i.e., no over-expression) we turned to MCF10A
cells. Since AJUBA LIM protein only inhibited YAP phosphorylation in proliferating cells (Fig.
1), and if an association between AJUBA LIM proteins and LATS is critical for their capacity to
inhibit LATS activation, then one would predict that AJUBA LIM protein would preferentially
associate with LATS in proliferating cells, as opposed to growth-arrested cells. Significantly
more LATS2 was indeed co-immunoprecipitated with LIMD1 or AJUBA from proliferating LD
MCF10A cells, compared with growth arrested HD cells (Fig. 4D). The amount of LATS1 that
co-immunoprecipitated with LIMD1 or AJUBA in proliferating LD cells was also greater than in
growth arrested HD cells, but the difference was not as great as seen with LATS2 (Fig. 4D).
Endogenous WW45 was not detected in LIMD1 immunoprecipitates regardless of whether cells
were growing at low- or high-density conditions (Fig. 4D).
In sum, these results indicated that AJUBA LIM proteins preferentially associated with
LATS1/2 in proliferating cells, not in growth arrested cells.

AJUBA LIM proteins sequester LATS2 in a Hippo core kinase complex in the cytosol
All four components of the Hippo core kinase complex form a physical complex in cells,
and formation of this complex is thought to be important for activation of LATS (32). Since
AJUBA LIM proteins are molecular adaptors we asked whether they might inhibit LATS
activation by altering the associations between various “upstream” components within the Hippo
core kinase complex.
MST phosphorylates and activates LATS and the interaction between WW45 and MST2
stimulates MST2 activity. The presence of increasing amounts of transfected LIMD1 did not
affect the amount of WW45 that associated with MST2 regardless of whether WW45 or MST
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was immunoprecipitated (Fig. 5A-C). The interaction of MOB1A with LATS stimulates LATS
activity. The presence of increasing amounts of transfected LIMD1 did not affect the association
of MOB1A with LATS2 (Fig. 5D, E).
When all four components of the Hippo core kinase complex were co-transfected and
MST2 immunoprecipitated, WW45, LATS2 and MOB1A all co-immunoprecipitated with MST2
(Fig. 6A). In the presence of increasing amounts of LIMD1, the amount of LATS2 and MOB1A
present in MST2 immunoprecipitates increased (Fig. 6A, quantified in 6B and 6C, respectively).
LIMD1 was also present in the MST2 immunoprecipitate (Fig. 6A). YAP was not detected in
MST2 immunoprecipitates, regardless of the absence or presence of LIMD1 (Fig. 6D). When
the same experiment was repeated but the core kinase complex immunoprecipitated with LATS2
instead of MST2, YAP was present and in the presence of LIMD1 the amount of YAP in the
immunoprecipitate decreased by ~60% and the amount of active LATS2 (e.g., pT1041) was
decreased, despite increased LATS2 (Fig. 6E, quantified in 6F). YAP did not associate with
LATS2 in co-immunoprecipitations experiments when just the two were transfected, in the
absence of other Hippo core kinase complex components, however (Fig. 6G).
These results suggested that in proliferating cells AJUBA LIM proteins inhibited Hippo
pathway mediated LATS2 inactivation of YAP (i.e., phosphorylation of YAP) by sequestering
LATS kinase and MOB1A. Since total cellular active LATS2 was decreased in the presence of
LIMD1 (Fig. 4B), this implied that LATS kinase sequestered in an AJUBA LIM protein-Hippo
core kinase complex was inhibited from upstream activation.
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AJUBA LIM proteins do not inhibit Hippo mediated activation of LATS at the plasma
membrane.
A number of studies have indicated that LATS kinase activation by the Hippo pathway
may be spatially restricted. It has been argued that cytosolic LATS is inactive and recruitment to
the plasma membrane by NF2 leads to its activation by MST kinases at the plasma
membrane(33). Hippo core kinase components also interact with cell surface membraneassociated proteins including at sites of cell-cell adhesion (34, 35). In LD, proliferating
MCF10A cells AJUBA LIM proteins (LIMD1) were cytosolic (Fig. 7A) (36), however as
epithelial cells form adherent, confluent sheets AJUBA LIM proteins (LIMD1) were recruited to
the plasma membrane through an association with α-catenin present at adherens junctions (Fig.
7A) (37). But, AJUBA LIM proteins only associated with LATS and inhibited LATS activation
in proliferating MCF10A cells (Fig. 4B and Fig. 1B), where AJUBA LIM proteins and LATS
kinases are predominantly cytosolic (Fig. 7A, and B). In growth arrested HD MCF10A cells the
AJUBA LIM protein-LATS association was much reduced and AJUBA LIM proteins do not
inhibit YAP regulation, even though LIMD1 was present at sites of cell-cell adhesion.
We asked whether the presence of AJUBA LIM proteins affected the subcellular
localization of LATS kinases. In LD proliferating cells both endogenous LIMD1 and LATS1 are
cytosolic, and depletion of AJUBA and LIMD1 did not affect LATS1 subcellular distribution
(Fig. 7A, B). However, in HD growth arrested cells depletion of AJUBA and LIMD1 attenuated
plasma membrane localization of endogenous LATS1 (Fig. 7B). Despite this change in LATS1
subcellular localization, depletion of AJUBA LIM proteins did not affect YAP activation in
contacted cells undergoing CIP (Fig. 1).
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If the ability of LIMD1 to physically interact with LATS2 and the Hippo core kinase
complex is critical for its capacity to inhibit activation of LATS, then in confluent epithelial
sheets LIMD1 may not inhibit because it can no longer associate with the Hippo core kinase
complex at the plasma membrane. To test this possibility, we activated the Hippo pathway at the
plasma membrane by expressing a plasma membrane-targeted isoform of MOB1A, mp-MOB1A.
The mp-MOB1A mutant constitutively activates LATS2 at the plasma membrane (38). We
determined and contrasted the extent of Hippo core kinase complex-LIMD1 association in cells
expressing plasma membrane targeted constitutively active mp-MOB1A and cells containing wt
MOB1A. In HEK293T cells expressing wt MOB1A, MOB1A, LATS2, and LIMD1 all localized
to the cytosol (Fig. 8A), whereas in cells expressing mp-MOB1A, mp-MOB1A and LATS2
localized to the plasma membrane but LIMD1 remained largely cytosolic (Fig. 8B).
In cells expressing wt MOB1A the presence of LIMD1 inhibited total cellular LATS2
activity (Fig. 4B). However, in cells expressing mp-MOB1A LIMD1 did not inhibit LATS2
activity (Fig. 8C). Of note, in mp-MOB1A transfected cells uniformly less Hippo core kinase
complex components were present following transfection, compared to cells transfected with wt
MOB1A cells (Fig. 8C). Regardless, when MST2 was immunoprecipitated from both sets of
cells, LIMD1 was only detected in MST2 immunoprecipitates from cells expressing wt MOB1A,
not membrane targeted mp-MOB1A (Fig. 8D). Furthermore, only in the presence of wt
MOB1A, not mp-MOB1A, did the presence of LIMD1 increase the amount of LATS2 in the
MST2 immunoprecipitate (Fig. 8D).
In summary, when Hippo activation of LATS was generated by plasma membrane
targeting of the Hippo core kinase component MOB1A (mp-MOB1A), LIMD1 was not recruited
to the plasma membrane, did not associate with LATS or the Hippo core kinase complex, and did
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not inhibit LATS activation. These results indicated that the capacity of AJUBA LIM protein to
inhibit Hippo pathway activation of LATS kinases is directly correlated with the ability of
AJUBA LIM proteins to interact with LATS and the Hippo core kinase complex. Thus, AJUBA
LIM proteins do not inhibit Hippo mediated activation of LATS and YAP regulation at the
plasma membrane because at this subcellular location they do not interact with the Hippo core
kinase complex.

Sequestration of LATS2 in a Hippo core kinase complex by LIMD1 correlates with
LIMD1’s capacity to limit Hippo activity during Drosophila wing development
The C-terminal region of AJUBA LIM proteins contains three tandem LIM domains and
this region directs its association with LATS2 (39). Since any individual LIM domain is a
protein-protein interacting domain (40), we asked which LIM domain, or combination of LIM
domains, was required for the association with LATS2 alone and the complete Hippo core kinase
complex. Using a panel of LIM domain deletion mutants of human LIMD1 (Fig. 9A) both LIM1
and LIM2 domain were found to be required for the efficient association of LIMD1 with LATS2
(Fig. 9B). Deletion of either alone was not sufficient to disrupt the LATS2-LIMD1 association
(Fig. 9B). Both LIM1 and LIM2 domains of LIMD1 were also required for the association of
LIMD1 with the MST2-immunoprecipitated Hippo core kinase complex (Fig. 9C), although in
this setting loss of either individual domain decreased the amount of LIMD1 mutant protein that
associated with the Hippo core kinase complex (Fig. 9C). Interestingly, removal of the LIM3
domain increased the amount of LIMD1, LATS2, and MOB1A, that associated with the MST2
immunoprecipitated complex (Fig. 9C), suggesting that the LIM3 domain may mask access to
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LIM1 and LIM2 domains in cells. The presence of both LIM1 and LIM2 domains were required
for LIMD1 to efficiently inhibit S127 phosphorylation of YAP (Fig. 9D, quantified in 9E).
We then asked whether these mapping studies correlated with the ability of LIMD1 to
limit Hippo activity during Drosophila wing development. Depletion of dJub results in small
adult wings due to its ability to regulate Hippo pathway activity (20) (Fig. 10B, quantified in J).
This phenotype can be rescued by overexpression of human LIMD1 (Fig. 10C, quantified in J)
(20). We then tested the various LIM domain deletion mutants of hLIMD1 for their ability to
rescue the dJub-RNAi small wing phenotype. Only those that associated with the Hippo core
kinase complex and LATS2 (e.g., full-length LIMD1 or lacking LIM3) were able to rescue the
small wing phenotype (Fig. 10C and 10I, quantified in 10J). Transgenic hLIMD1 mutants that
did not associate with the core Hippo kinase complex (e.g., lacking LIM1, LIM2, or both) did
not rescue the small wing phenotype (Fig. 10D-H, quantified in 10J).
Deletion of dJub resulted in increased Hippo signaling in the wing imaginal disc (i.e.,
decreased Hippo inhibition), as evidenced by decreased expression of the Yki (YAP) target gene
Expanded (Ex-LacZ) (Fig. 10K, K’ and 10L, L’). Expression of wt hLIMD1 and the DLIM3
mutant rescued this defect (Fig. 10M, M’ and 10N, N’, respectively), while DLIM1,2 did not
(Fig. 10O, O’). Each rescue transgene was expressed, as determined by HA
immunofluorescence of wing imaginal discs (Fig. 10P-R).
In summary the ability of LIMD1 to associate with LATS and the Hippo core kinase
complex directly correlated with the ability of hLIMD1 transgenes to rescue the dJub small wing
phenotype and inhibit Hippo signaling in vivo in the developing drosophila wing.
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4.4 Discussion
Our results indicate that the AJUBA LIM proteins limit Hippo pathway-mediated YAP
inactivation in proliferating cells. In growth arrested cells, CIP mediated Hippo activation is not
inhibited by the presence of AJUBA LIM proteins. Our data suggests a model whereby AJUBA
LIM proteins inhibit Hippo core kinase complex activation of YAP in proliferating cells by
sequestering the Hippo core kinase complex, including LATS kinase, in the cytosol and
inhibiting activation of LATS kinase. At the plasma membrane, where LATS kinases are
thought to be activated by the Hippo core kinase complex, AJUBA LIM proteins do not associate
with the Hippo core kinase complex or LATS kinases and they do not inhibit Hippo pathwaymediated YAP regulation. If a primary function of AJUBA LIM proteins is to limit Hippo
pathway inactivation of YAP/TAZ in proliferating cells, then this could explain why dJub is
required for Drosophila embryo development (20), a state of high cell proliferation and organ
growth when YAP transcriptional activity should be high and Hippo pathway inhibition of YAP
low. In the absence of dJub, Hippo activity would be unrestrained, Yki inhibited, and cells would
cease to proliferate and undergo apoptosis. In support of this, in mammalian cells we were
unable to RNAi-deplete all three AJUBA LIM proteins as they would undergo apoptosis
whenever the third family member was depleted.
In contrast to other studies (24), we found that in mammalian cells the AJUBA LIM
proteins did not affect YAP regulation in response to mechanical signals. Since AJUBA LIM
proteins regulate YAP by inhibiting activation of LATS kinases by the Hippo core kinase
complex, this could be a reflection of LATS-independent regulation of YAP in response to
mechanical signals (10) (15). But in other studies, morphologic manipulation of single cells
affected YAP regulation in a LATS-dependent manner (41). When we likewise manipulated
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single cells (i.e., intracellular tension – Fig. 3D, E), AJUBA LIM proteins did not affect YAP
nuclear/cytoplasmic distribution or transcriptional activity in response to changes in intracellular
tension. This suggests that LATS activation in response to mechanical signals in mammalian
cells; a process not fully understood, is not influenced by the AJUBA LIM proteins.
Furthermore, if AJUBA LIM proteins only affect Hippo-dependent activation of LATS, then this
result would be consistent with the model of mechanical activation of LATS independent of the
Hippo core kinase complex.
During Drosophila wing development, genetic experiments have shown that dJub
influences tension-dependent Yki-mediated wing growth (25). Therein it was argued that dJub
does so by recruiting Wts (LATS) to cell junction in a tension-dependent manner (25). We also
observed that the presence of LIMD1 and AJUBA influenced the recruitment of LATS1 to cellcell junctions in a confluent mammalian epithelium (Fig. 7B), but in confluent epithelia
undergoing CIP we did not observe any inhibition of LATS kinases by AJUBA LIM proteins,
nor did AJUBA LIM proteins associate with LATS kinases or the Hippo core kinase complex
despite their presence at cell-cell junctions (Figs. 1 and 4). Moreover, forced recruitment of
LATS2 to the plasma membrane by the mp-MOB1A mutant did not recruit LIMD1 to the plasma
membrane and LATS activation was not inhibited nor did LIMD1 associate with LATS2 or the
Hippo core kinase components (Fig. 8).
In MCF10A cells, cyclic or static stretch was found to activate YAP as a result of Hippo
pathway inhibition (24). Therein JNK activation, downstream of a stretch signal, phosphorylates
LIMD1, which enhanced its interaction with and inhibition of LATS kinase (24). In this work
RNAi-depletion of LIMD1 alone was sufficient to see an effect. In our experiments we saw no
effects when any single AJUBA LIM protein was depleted in MCF10A cells. Since AJUBA,
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LIMD1 and trace amounts of WTIP (the AJUBA family of LIM proteins) are present in
MCF10A cells, it required depletion of at least two (AJUBA and LIMD1) to observe any effect
of this family of proteins upon Hippo pathway activation of LATS. Furthermore, AJUBA-/-, and
LIMD1-/- mice have minimal developmental or adult phenotypes, unless stressed (42) (26, 43).
We did not assess stretch as a mechanical stimulus in our studies, however. Thus, it is possible
that stretch signals versus exposure to a stiff ECM activate distinct mechanotransduction
pathways, and that stretch activated pathways are more sensitive to AJUBA LIM protein level.
AJUBA LIM proteins and the Hippo core kinase components are both recruited to sites of
cell contact yet we did not detect any association between them at this site. Possibly, they are
recruited to different cell contact components. AJUBA LIM proteins interact with α-catenin
bound to E-cadherin at AJ (37). The ERM protein NF2 (Mer), that associates with the apical
membrane protein Crumbs, recruits LATS (Wts) to the plasma membrane (33). AJUBA LIM
proteins do not associate with Mer, Ex or Kibra. Therefore, possibly physical separation of
AJUBA LIM proteins and Hippo core kinase components at cell-cell contacts preclude an
association and inhibition. Interestingly, in the absence of AJUBA and LIMD1 endogenous
LATS1 was not recruited to the cell surface despite the presumed presence of NF2 (Fig. 7B).
Perhaps AJUBA LIM proteins serve to facilitate delivery of LATS to NF2 at the cell surface.
This observation also suggests the possibility that LATS could be activated without plasma
membrane recruitment. We cannot exclude the possibility that transient recruitment of LATS to
the cell surface still occurs, through NF2 for example, and this may be enough for its activation
and phosphorylation of YAP. Despite the significant change in membrane recruitment of
LATS1 in confluent epithelia lacking AJUBA and LIMD1 YAP was still inactivated. Perhaps
this reflects Hippo-independent or actin-mediated regulation of YAP in this setting (10) (15).
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Other signals could regulate the association of AJUBA LIM proteins with LATS and the
Hippo core kinase complex. MAPK can phosphorylate dJub and increase its association with
Wts in S2 cells (22), for example, and in mammalian cells overexpression of AJUBA increases
MAPK activity (44). In the context of tissue repair JNK can also phosphorylate AJUBA and this
increases its association with LATS (23). In light of these findings, possibly AJUBA LIM
proteins are phosphorylated in the cytosol and not at adherens junctions. In the absence of
phosphorylation they do not interact with the Hippo core kinase complex.
In Drosophila AJUBA LIM protein-mediated regulation of the Hippo pathway is critical
for wing development. The determination of organ size, in tissues such as the fly wing, fly eye,
and the mammalian liver, is a cell intrinsic property involving the Hippo pathway, as shown by
organ specific transgenic models (45, 46) (47, 48) (49) (50). Our work suggests that the AJUBA
LIM proteins limit Hippo pathway activity only in proliferating cells. If so, they then may be
critical to tune the proliferative response of cells during organ development, repair of injured
tissue, and during early cancer development.
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4.6 Materials and Methods
Cell culture and transfections
MCF10A cells were cultured in 1:1 DMEM/F12 (Gibco) supplemented with 5% heat
inactivated horse serum (Gibco), 100ng/mL Cholera toxin, 10µg/mL insulin, 20ng/mL EGF,
500ng/mL hydrocortisone, and penicillin/streptomycin (Gibco). HEK293T cells were cultured in
DMEM (Gibco) supplemented with 10% heat-inactivated FBS, 200µM L-glutamine (Cellgro),
and penicillin/streptomycin.
Lipofectamine RNAiMAX (Invitrogen) was used to transfect MCF10A cells with
indicated siRNA oligos, according to manufacturer’s instructions. For density experiments, equal
numbers of cells were transfected and plated on dishes of different sizes so as to have cells at low
and high densities. All experiments were conducted forty-eight hours post-transfection. TransIT
LT1 reagent (Mirus) was used to transfect HEK293T cells with indicated plasmids, according to
manufacturer’s instructions.

Cell proliferation and apoptosis analysis.
Cell proliferation was measured using a 5-Bromo-2’-deoxy-uridine (BrdU) Labeling and
Detection Kit 1 (Roche). MCF10A cells were plated to achieve the required density condition
and at analysis time were incubated with BrdU containing media for 1 hour and then fixed in
15mM Glycine dissolved in absolute ethanol at pH 2.0 for 60 minutes at -20C. Fixed cells were
incubated with Anti-BrdU solution for 30 minutes at 37C for 30 minutes and anti-Ig-Fluorescein
for 10 minutes at 37C. Cell apoptosis and death was assessed using an Annexin V-EGFP
apoptosis detection kit (Abcam, ab14153). Cells were plated at the required density conditions
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and incubated with Annexin V-EGFP for 5 minutes after washing with PBS. In both cases, cells
were mounted and imaged as described in Immunostaining.

YAP-TEAD-luciferase reporter experiments
MCF10 cells stably expressing a GTIIC-luciferase TEAD reporter cassette (7) were
generated by cloning the GTIIC-luciferase TEAD reporter cassette into a lentiviral vector that
contained a blasticidin resistance gene. Lentivirus was produced and used to infect MCF10A
cells. Infections were done in the presence of 10µg/mL protamine sulfate. Forty-eight hours
post-infection, MCF10A cells were subjected to selection with 10µg/mL blasticidin for four
days. Stable selectants were pooled and maintained in 2.5µg/mL blasticidin. The same cells
were used for each experimental manipulation. For each experiment, MCF10A cells stably
expressing the TEAD-luciferase reporter were plated on black-walled 24-well plates at low and
high density. 48 hours later, D-luciferin was added and luciferase activity was measured. Cell
number was determined by MTT assay, and luciferase flux normalized to cell number.

Immunoprecipitation and Western blotting
Cells were lysed in RIPA buffer (50mM Tris pH 8.0, 150mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS) supplemented with 200nM PMSF, 2µg/mL
Aprotinin/Leupeptin, 2µM Pepstatin A, 1mM Na3VO4, and 2mM NaF. Lysates were cleared by
centrifugation at 12,000 rpm for 10 minutes and concentration determined by Bradford assay
(Bio-Rad). Equal amounts of protein were boiled in SDS sample buffer, resolved by 8% or 10%
SDS-PAGE and transferred to PVDF membranes (Millipore) in transfer buffer (25mM Tris,
192mM glycine, 5% methanol). Membranes were blocked with TBST (25mM Tris pH 7.4,
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150mM NaCl, 2mM KCl, 0.5% Tween-20) containing 5% skim milk powder or BSA and probed
overnight with indicated primary antibodies. Bound antibodies were detected by HRPconjugated secondary antibodies and developed with SuperSignal West Pico or West Femto ECL
(Pierce). Images were collected on a Bio-Rad ChemiDoc XRS+ and subject to quantification
using ImageJ software. Student’s T-test was used to calculate statistical significance of the
difference in average intensity.
The following antibodies were used: rabbit α-YAP (Cell Signaling #4912, 1:1000), rabbit
α-phospho-YAP (Ser127) (Cell Signaling #4911, 1:1000), rabbit α-LATS1 (Cell Signaling
#3477, 1:500), rabbit α-AJUBA (Cell Signaling #4897, 1:1000), rabbit α-LIMD1 (26) (1:1000),
mouse α-Flag M2 (Sigma F3165, 1:1000), mouse α-HA (Sigma H3663, 1:1000), mouse α-Myc
9E10 (Millipore 05-419, 1:1000). Rabbit α-LATS2 (1:1000), rabbit α-phospho-LATS2 T1041
(1:250), and rabbit α-phospho-LATS2 S872 (1:250) were from H. Nojima (Osaka University,
Japan); rabbit α-WW45 (1:1000) was from G. Pfeifer (Beckman Research Institute of the City of
Hope).
For immunoprecipitations, cells were lysed in immunoprecipitation (IP) buffer (10mM
HEPES pH 7.4, 150mM NaCl, 10% glycerol, 1% NP-40 or CHAPS) supplemented with 200nM
PMSF, 2µg/mL Aprotinin/Leupeptin, 2µM Pepstatin A, 1mM Na3VO4, and 2mM NaF. Lysates
were cleared by centrifugation at 12,000 rpm for 10 minutes and concentrations determined by
Bradford assay (Bio-Rad). Equal amounts of protein were collected, of which 10% was boiled in
SDS sample buffer and saved as “Input” and the remainder incubated with indicated antibodies,
with rocking, overnight at 4 degrees. The next day, Protein G-conjugated sepharose beads
(Sigma) were added to each reaction at 5µL bed volume/200µg lysate and rocked for 1 hour at 4
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degrees. Immunoprecipitates were washed 3 times with 1.5mL IP buffer, followed by
centrifugation at 100xg for 1 minute.

Immunostaining
Cells plated on glass coverslips were fixed in 4% paraformaldehyde (PFA) dissolved in
PBS and permeabilized with 0.2% Triton X-100 in PBS. All cells were blocked in 5% normal
goat serum (NGS) for 1 hour at room temperature and incubated with indicated primary
antibody, diluted in PBS + 1% NGS, overnight at 4 degrees. Coverslips were washed 3 times
with PBS, then incubated with secondary antibody diluted in PBS + 1% NGS for 1 hour at room
temperature. Cells were mounted in Vectashield mounting medium containing DAPI (Vector
Labs). Images were collected on a LSM 510 Zeiss confocal microscope using a 40x oil objective.
ImageJ was used to process the images.
The following antibodies were used: mouse α-E-cadherin (BD Biosciences 610182,
1:500), rabbit α-LATS1 (Cell Signaling #3477, 1:500), rabbit α-LIMD1 (PVDF-purified, 1:50),
mouse α-HA (Sigma H3663, 1:500), mouse α-Myc 9E10 (Millipore 05-419, 1:500), and rabbit αFlag (Sigma F7425, 1:500). Secondary antibodies were Alexa Fluor 488 and 568 (Invitrogen,
1:250).

Transgenic fly lines
All crosses and staging were performed at 25°C. w1118 was used as wild-type. Stocks
are described in FlyBase (http:// flybase.org/). Ex697 was kindly provided by the Bloomington
Drosophila Stock Center (B#44248). En-Gal4, UAS-GFP flies were provided by J. Skeath
(Washington University School of Medicine, St. Louis, Missouri). UAS-HA-hLIMD1 flies were
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described previously (20). To generate transgenic hLIMD1 mutant flies, hLIMD1 mutant cDNA
was cloned into pUAST-HA and the resulting vector used to generate transgenic lines via
standard P element-mediated transformation (Rainbow Transgenics, Inc). Gene over-expression
and RNAi-rescue assays were carried out using the GAL4/UAS system. GAL4 driver line used:
1096-gal4 and engrailed-gal4, UAS-GFP. UAS lines used: UAS-djubRNAi (22.5), UAS-dcr,
UAS-HA.hLIMD1 and UAS-hLIMD1 domain mutants.

Drosophila Adult Wing Dissection, Imaging, and Image Processing.
Adult flies were stored in 80% ethanol until ready for dissections. Only female flies were
used for analyses. Wings were removed in 75% glycerol (in PBS) for mounting. Coverslips were
sealed with nail polish. Total wing area was measured and the average and standard deviation
plotted using ImageJ and Microsoft Excel. Student’s T test was used to calculate statistical
significance of the area of the wing region between various genotypes.

Drosophila Larval Wing Disc Dissection, Imaging, and Image Processing
Wandering 3rd instar larval wing discs were dissected in phosphate-buffered saline (PBS),
fixed in 4% paraformaldehyde diluted in PBS for 40 min, washed once for five minutes in PBX
(PBS with 0.1% Triton X-100), twice for 20min in PAXD (PBS with 1% bovine serum albumin,
0.3% Triton X-100, and 0.3% deoxycholate), and once in PAXDG (PAXD with 5% normal goat
serum), all on ice. Tissues were incubated overnight in primary antibody diluted in PAXDG at
4°C and washed three times in PBX at room temperature. After a >4h incubation in secondary
antibody diluted in PAXDG at 4°C, they were washed twice in PBX, and washed once in PBS,
all at room temperature. Prepared tissues were mounted in Vectashield mounting media (Vector
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Laboratories, Burlingame, CA). Antibodies used were rat anti-DE-cadherin (1:20), (from the
Developmental Studies Hybridoma Bank at the University of Iowa), rabbit anti-β-galactosidase
(1:2000, ICN/Cappel), Secondary antibodies were AlexaFluor 568 (Invitrogen) and Cy5
(Jackson ImmunoResearch). Immunofluorescence were acquired on a Zeiss LSM 510 confocal
microscope. Image J64 (National Institutes of Health, Bethesda, MD) was used to adjust
brightness and contrast of whole images.

ECM stiffness experiments.
Polyacrylamide (PA) gels were prepared based on published protocols (27, 28). Solutions with
acrylamide:bis-acrylamide ratios of 5%:0.1% and 15%:1.2% were prepared to make 800Pa and
120kPa PA gels, respectively (Sigma Aldrich) . An amount of PA solution adequate to yield a
final gel thickness between 100-200um was sandwiched between a silanized coverslip (3Aminopropyltimethoxysilane, Sigma-Aldrich) and a siliconized glass slide (Sigmacote, SigmaAldrich) and gels were allowed to polymerize using APS and TEMED (Sigma-Aldrich).
Coverslips with covalently bonded PA gels were carefully removed from the siliconized glass
slides and rinsed in PBS. Fibronectin was covalently linked to the PA gel using the
heterobifunctional crosslinker Sulfo-SANPAH (Sigma-Aldrich) and overnight incubation with
50 ug/mL fibronectin (BD Biosciences) solution at 4C.

Microfabricated Pillar Experiments
Micropatterned glass coverslips with four different sizes of fibronectin-coated pillars in each
quadrant of the coverslip were purchased from Cytoo SA. For this experiment, 60,000
immortalized Cancer-Associated Fibroblast cells (CAFs) were plated in 6-well dishes containing
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Cytoo SA micropatterned coverslips. Cells were allowed to attach for 3 hours, then cellcontaining culture media was removed and replaced with cell-free culture media. Cells were
fixed 7h after seeding, and stained with Phalloidin 488 (Invitrogen), DAPI, anti-YAP (Cell
Signaling #4912, 1:250), according to standard protocols. Imaging was performed on a Nikon
Eclipse Ti-E inverted epifluorescence microscope controlled by MetaMorph software (version
7.7.0.0, Molecular Devices). Images were acquired using metal halide lamp illumination (Prior),
Semrock Brightline filter sets, a Nikon Plan Fluor 10x air, 20x air, or 40x water immersion
objectives (NA 0.3, 0.45, and 1.25 respectively), and a cooled CCD camera (CoolSNAP HQ2,
Photometrics).

Quantification of YAP subcellular localization
For automatic quantification of YAP localization, custom Matlab (Mathworks Inc.) software
(employing thresholding and morphological closing) was used to identify nuclei and cell
boundaries from DAPI and phalloidin immunofluorescence images, respectively. Cytoplasmic
regions were defined as area within cell boundaries that did not overlap nuclei. The nuclear to
cytoplasmic brightness ratio was defined as the quotient of the mean YAP fluorescence intensity
within the nuclear region and the mean YAP fluorescence intensity within the cytoplasmic
region.
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Figure 4.1. AJUBA LIM proteins regulate YAP activity in proliferating
epithelial cells but not growth arrested epithelial cells.
(A) MCF10A cells transfected with control (CTL) scrambled RNAi (SCR) or AJUBA + LIMD1
(LD1) RNAi were plated at low or high density for 24 hours and BrdU uptake measured. (B)
Quantification of results in (A) – blue columns are control RNAi cells; red columns are AJUBA
and LIMD1 RNAi cells. At least 100 cells were scored in each condition. (C) MCF10A cells
were transfected with the indicated RNAi. Control cells were transfected with a scrambled
RNAi. After 24 hours, cells were split and cultured at either low density (LD) or high density
(HD) for another 24 hours. Cells were lysed and Western blotting with the indicated antibodies
performed. pS127YAP/total YAP level is shown below each lane. The pYAP/YAP level in
control cells at LD were arbitrarily set = 1. (D) Same cells as in (A) were stained with YAP
antibody or phalloidin (F-Actin) and immunofluorescence performed. Nuclei were identified
with DAPI stain. (E) Quantification of results in (D) - blue columns are control RNAi cells; red
columns are AJUBA and LIMD1 RNAi cells. Relative nuclear YAP level is presented. The
amount of nuclear YAP in control LD cells was arbitrarily set = 1. At least 100 cells were scored
in each condition. (F) MCF10A cells stably expressing a GTIIC-luciferase TEAD reporter
cassette were transfected with the same set of RNAi as in (C) and then plated at LD or HD.
Bioluminescence per group was determined and results reported as relative luciferase activity.
CTL cells at LD were arbitrarily set to = 1. Blue columns are control RNAi cells; orange
columns are LIMD1 RNAi cells; green columns are AJUBA RNAi cells; rec columns are
AJUBA and LIMD1 RNAi cells. **, P < 0.01; *, P < 0.05; ns – no significant difference. Each
experiment was performed at least 3 times and a representative example shown. Data are
presented as mean ± SD. Scale bars in (A) represent 100µm and in (D) represent 50µm.
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Figure 4.2. MCF10A cells proliferate in response to exposure to stiff ECM.
(A) MCF10A cells transfected with control scrambled RNAi or AJUBA + LIMD1 RNAi were
plated at low density (LD) and high density (HD). Extent of apoptosis was determined by
Annexin V staining. Positive control for apoptosis is a scratch wound assay of MCF10A cells.
Note cells at the edge of the wound undergo apoptosis. (B) MCF10A cells were plated at LD or
HD on soft (80-120 Pa) or stiff (120 kPa) fibronectin-coated polyacrylamide hydrogels for 24 h.
BrdU uptake was then measured and quantified, as % cells BrdU +ve (C). Each experiment was
performed at least 3 times and representative example shown. Data are presented as mean ± SD.
Scale bars represent 100µm in (A) and 50µm in (B).
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Figure 4.3. In mammalian cells AJUBA LIM proteins do not influence
mechanical signal regulation of YAP.
(A) MCF10A cells were transfected with CTL (Scrambled), or AJUBA + LIMD1 (LD1) RNAi
then split and cultured at either LD or HD on soft (80-120 Pa) or stiff (120 kPa) fibronectincoated polyacrylamide hydrogels for 24 h. Immunofluorescence with the indicated antibodies or
stains was then performed. (B) Quantification of YAP nuclear/cytoplasmic immunofluorescence
from cells in (A). Blue columns are control RNAi cells; red columns are AJUBA and LIMD1
RNAi cells. At least 50 cells in multiple fields were scored. (C) Q-PCR for YAP (blue columns)
and CTGF (red columns) in cells from (A) at intermediate density. KD refers to AJUBA and
LIMD1 RNAi-depleted cells. (D) Western blot of cell lysates from cells in (A) with the
indicated antibodies. (E) Representative images of CAFs plated on micropatterned coverslips
containing fibronectin-coated pillars of different sizes, stained for DAPI, Actin, and YAP-TAZ.
(F) Quantification of YAP-TAZ nuclear/cytoplasmic ratio from cells in (D). Blue columns are
control RNAi cells; red columns are AJUBA and LIMD1 RNAi cells. All quantified experiments
were performed 2 or 3 times and a representative example shown. **, P < 0.01; *, P < 0.05; ns
– no significant difference. Data are presented as mean ± SD. Scale bars represent 25µm in (A)
and 20µm in (D).
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Figure 4.4. AJUBA LIM proteins inhibit activation of LATS by the core
Hippo kinase complex and associate with LATS in proliferating cells but not
contacted growth arrested cells.
(A) HEK293T cells were transfected with YAP +/- LIMD1 and cell lysates Western blotted with
the indicated antibodies. The amount of pS127.YAP detected was controlled for the level of
total YAP. The amount present in cells not transfected with LIMD1 was arbitrarily set = 1. (B)
HEK293T cells were transfected with different combinations of epitope-tagged plasmids
expressing components of the Hippo core kinase complex, as indicated, +/- LIMD1. Cell lysates
were Western blotted with the indicated antibodies. The amount of active LATS (pS872 and
pT1041) in the absence of LIMD1 (=1 for each set) versus presence of LIMD1, controlled for
total LATS2 protein present, was quantified. (C) HEK293T cells were transfected with LIMD1
and individual components of the Hippo core kinase complex or YAP, as indicated. LIMD1 was
immunoprecipitated from cell lysates and bound products Western blotted with the indicated
antibodies. Left panel is 10% of the amount of cell lysate used in the IP as an input control. (D)
MCF10A cells grown at LD or HD were lysed and either AJUBA or LIMD1
immunoprecipitated. Bound products were Western blotted with the indicated antibodies. Input
cell lysate controls are the left panels (10% of amount used for the IP).
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Figure 4.5. AJUBA LIM proteins do not disrupt MST2-WW45 and MOB1ALATS2 interactions in cells.
(A-C) HEK293T cells were transfected with epitope-tagged plasmids expressing WW45, MST2
in the absence of presence of increasing amounts of LIMD1. Cells lysed and either WW45 or
MST2 immunoprecipitated. Bound products were Western blotted with the indicated antibodies.
Left panels are input controls (10% of the amount of cell extract immunoprecipitated). (D, E)
HEK293T cells were transfected with epitope-tagged plasmids expressing LATS2, MOB1A in
the absence of presence of increasing amounts of LIMD1. Cells lysed and LATS2
immunoprecipitated. Bound products were Western blotted with the indicated antibodies. Left
panels are input controls (10% of the amount of cell extract immunoprecipitated).
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Figure 4.6. In proliferating cells AJUBA LIM proteins sequester LATS in a
Hippo core kinase complex that does not contain YAP.
(A) HEK293T cells were transfected with epitope-tagged Hippo core kinase complex plasmids,
+/- LIMD1, as indicated. Cells were lysed and MST2 immunoprecipitated, and bound products
Western blotted with the indicated antibodies. Left panel is the input controls (10% of amount of
cell lysate used for IP). (B, C) Quantification of the relative amount of LATS2 (B) and MOB1A
(C) in MST2 IP, in the presence of increasing amounts of LIMD1. Value in cells not transfected
with LIMD1 were arbitrarily set = 1. (D) The same experiment as in (A) but all cells were also
transfected with a YAP expressing plasmid. (E) HEK293T cells were transfected with epitopetagged Hippo core kinase complex plasmids, +/- LIMD1, as indicated. Cells were lysed and
LATS2 immunoprecipitated, and bound products Western blotted with the indicated antibodies.
Left panel is the input controls (10% of amount of cell lysate used for IP). (F) Quantification of
the relative amount of YAP in LATS2 IP, in the absence (CTL) or presence of LIMD1. Value in
cells not transfected with LIMD1 (CTL) were arbitrarily set = 1. (G) All HEK293T cells were
transfected with epitope-tagged LATS and then MOB1A, LIMD1, or YAP individually. LATS2
was immunoprecipitated from cell extracts and bound products Western blotted with the
indicated antibodies. **, P < 0.01; *, P < 0.05; ns – no significant difference. All quantified
experiments were performed at least 3 times and a representative example shown. Data are
presented as mean ± SD.
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Figure 4.7. Cellular distribution of LIMD1 and Hippo core kinase complex
components in cells.
(A) MCF10A cells were cultured at low and high density and then cells fixed, stained with
antibodies to LIMD1 and E-cadherin. Immunofluorescence was performed. Nuclei were
visualized with DAPI stain. (B) MCF10A cells transduced with scrambled RNAi (CTL) or
AJUBA and LIMD1 RNAi were plated at LD or HD, cells fixed and stained with LATS1 and Ecadherin antibodies. Immunofluorescence was performed. Nuclei were visualized with DAPI
stain. Scale bars represent 50µm.
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Figure 4.8. AJUBA LIM proteins do not inhibit Hippo activation of LATS at
the plasma membrane.
(A, B) HEK293T cells were transfected with MST2, LATS2, LIMD1 and either wt MOB1A (A)
or mp-MOB1A (membrane targeted MOB1A) (B). MOB1A, LATS2, and LIMD1
immunofluorescence was performed, as indicated. Nuclei were visualized with DAPI stain.
Scale bars represent 50µm. (C, D) HEK293T cells were transfected with MST2, LATS2,
WW45, +/- LIMD1, and either MOB1A or mp-MOB1A, as indicated. Cells were lysed and
Western blotted with the indicated antibodies (input control – 10% of cell extracts used for IP)
(C). MST2 was immunoprecipitated and bound products Western blotted with the indicated
antibodies (D).
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Figure 4.9. Mapping LIM region(s) of LIMD1 that mediate association with
LATS and the Hippo core kinase complex in cells.
(A) Stick figure representation of LIM domain mutants of human LIMD1. (B) HEK293T cells
were transfected with LATS2 and the indicated hLIMD1 mutants. LIMD1 was
immunoprecipitated and bound products Western blotted with the indicated antibodies. Left
panel is an input control. (C) HEK293T cells were transfected with epitope-tagged Hippo core
kinase complex components and the indicated hLIMD1 mutants. MST2 was
immunoprecipitated and bound products Western blotted with the indicated antibodies. Left
panel is an input control. (D) HEK293T cells were transfected with the indicated plasmids.
Cells were lysed and cell extracts Western blotted with the indicated antibodies. (E)
Quantification of the relative amount of pS127.YAP, normalized to total YAP protein, in the
various lanes of panel (D). The amount of pS127.YAP present in control cells (transfected with
only YAP) was arbitrarily set = 1. **, P < 0.01; *, P < 0.05; ns – no significant difference.
Quantified experiments were performed at least 3 times and a representative example shown.
Data are presented as mean ± SD.
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Figure 4.10. Sequestration of LATS2 in a core Hippo kinase complex by
hLIMD1 mutants correlates with capacity to limit Hippo activity in
Drosophila wing imaginal discs.
(A-I) Drosophila wings from transgenic flies expressing dJub-RNAi and the indicated human
LIMD1 mutant. (J) Quantification of the relative wing area from various mutants. The wing
area in WT control flies was set = 1. **, P < 0.01; *, P < 0.05; ns – no significant difference.
For each genotype at least 20 wings were scored. All flies were the same sex and age. Data are
presented as mean ± SD. (K-O) Confocal immunofluorescent localization of DE-cadherin and
Beta-Galactosidase in 3rd instar larval wing discs expressing dJub-RNAi and the indicated
hLIMD1 transgene via En-Gal4, UAS-GFP in the background of Ex697 (Ex-LacZ). (K) is a
control Ex-LacZ expressing wing imaginal disc demonstrating the basal level of LacZ staining.
(P-R) Confocal immunofluorescent localization of DE-cadherin and indicated HA-tagged
hLIMD1 transgenes in 3rd instar larval wing discs via En-Gal4, UAS-GFP. Scale bars represent
200µm in (A-I) and 50µm in (K-R).
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5.1 Apical-basal polarity proteins as regulators of MAPKs
and Proliferation
Apical-basal polarity regulation is critical for the identity and proper function of
epithelial cells. ABP is required for cell-cell adhesion and the asymmetrical distribution of
cellular components is required for efficient absorption or secretion seen in epithelial tissues.
Previous evidence suggests that disruption of ABP is a common early event in carcinoma
development that causes increased proliferation and invasion[1-4]. Here, we show that
disruption of the junctional Par complex versus basolateral Scrib complex leads to increased
epithelial proliferation via overlapping but distinct downstream signaling pathways. Disruption
of the Par complex in combination with caspase inhibition leads to p38 MAPK-dependent
hyperproliferation, while disruption of the Scrib complex in combination with caspase inhibition
leads to JNK MAPK-dependent hyperproliferation. The requirement of different MAPKs
downstream of Par versus Scrib complex disruption might suggest that these MAPKs serve as
local sensors of polarity disruption in different regions of the cell. JNK may be localized more
basally in the cell and p38 localized more apically. One feature of proper ABP is the spatial
segregation of different signaling pathways to specific regions of the cells, allowing cells to
efficiently integrate external signals into cellular responses[3,5-10]. While the Par and Scrib
complexes regulated many shared processes, including intercellular junction homeostasis, cell
polarity regulation, and RhoGTPase regulation, they are restricted to different regions of the cell
and have distinct collections of interacting proteins. The requirement for different downstream
MAPK following ABP disruption may just be another manifestation of this spatial segregation of
intracellular signaling pathways.
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Another contrast in the phenotypic response to ABP disruption was the role played by the
Rho/Rok/Myosin contractility apparatus. Disruption of the junctional Par polarity complex
appears to activate proliferation via Rho/Rok/Myosin signaling and removal of any of these
components reduces the proliferation that ensues[11]. On the other hand, following disruption of
the basolateral complex, depletion of Rho/Rok/Myosin dramatically exacerbates the proliferative
phenotype. Since ABP, cytoskeletal regulation, and cell shape regulation are linked, it is not
entirely surprising that Rho/Rok/Myosin play a role in the proliferative phenotype. But, exactly
why these proteins play opposite roles following disruption of the Par versus Scrib complex
remains unclear, and this is an interesting area for future study.
On the other hand, non-autonomous TNF signaling suppressed the proliferation that
results from disruption of either complex. This could represent an epithelial-intrinsic or
immunologic defense against the expansion of polarity-deficient cells in an epithelium. Our data
suggested that this TNF-mediated suppression is indifferent to the genetic perturbation that led to
the dysfunction. In contrast, the Rho-Rok-Myosin contractility apparatus appeared to play
opposite roles depending on which polarity complex was disrupted. This indicated that epithelial
cells respond to polarity disruption via overlapping, yet distinct pathways depending on which
components of the ABP signaling network are perturbed.

5.2 ABP proteins regulate cell migration and BM protein
secretion
Our findings suggest that ABP polarity disruption leads to distinct phenotypes in the
Drosophila follicular epithelium. Disruption of the junctional Par complex leads to a loss of
integrity of the epithelium, with the formation of large holes in the epithelial layer, yet the
organization of collective migration is largely maintained. In contrast, following disruption of
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the basolateral Scrib complex, epithelial integrity is maintained without any gaps in the epithelial
layer, but the organization of collective motion decreases. Our findings also show that the
expression of adherens junction proteins at the apical membrane is greatly reduced following Par
complex disruption. This raises the possibility that these epithelial cells may lose their
attachments to their neighbors as a result of decreased adherens junction attachment to
neighboring cells and an inability to withstand the tension in the epithelium.
We also found that depletion of Scrib, but not Par6, resulted in aberrant accumulations of
BM ECM proteins at the level of the BM and in the pericellular space within the epithelial layer.
Linear organization of ECM proteins fibers in the follicular epithelial BM is thought to provide
directional cues that reinforce the organization of FE collective cell migration. As such,
disruption of this organization could account for the decreased organization of FE collective
migration. Whether these accumulations are a result of failures of ECM protein transport, ECM
proteins processing, or both remains to be seen and is in interesting topic for future study. It
seems less likely that intracellular transport is globally disrupted following Scrib depletion, as we
still observed proper delivery of DE-cadherin and β-catenin to the apical membrane.
While recent evidence has demonstrated that Rab10-mediated vesicular transport is
important for delivery of ECM proteins to the BM in the Drosophila follicular epithelium, it is
unclear whether and how this is might be dependent on proper ABP regulation. Since both the
assembly machinery for ColIV and the final destination located at the basal side of FE
cells[12,13], it may not be entirely surprising that the integrity of the basal polarity complex is
important for the proper secretion of these proteins, but further work in this area could elucidate
more detail about BM assembly and maintenance.
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5.3 Ajuba LIM proteins act to restrict Hippo pathway
activation by sequestering the core kinase complex in a
cytosolic complex
Members of the Ajuba LIM family of adaptor proteins function as integrators of cell
signaling allow crosstalk between many different intracellular signaling networks, including cell
adhesion, cell polarity, MAPK activity, the Hippo pathway and mechanical tension. Ajuba LIM
proteins have previously been shown to regulate the Hippo pathway downstream of ABP
regulation, and here we demonstrate how Ajuba LIM actually promote proliferation by inhibiting
the Hippo pathway core kinase complex, allowing for more active YAP/Yki.
Our results show that Ajuba LIM proteins limit Hippo pathway-mediated inhibition of
proliferation in low density, proliferating cells. Our data suggest that Ajuba LIM proteins
specifically inhibit the Hippo core kinase complex by binding the components in a cytosolic
complex and restricting the ability of Lats to phosphorylate and inhibit YAP. The action of
Ajuba LIM proteins on the Hippo core kinase complex appears to only occur in response to
changes in cell density, and does not appear responsive to changes in intracellular or
extracellular tension (ie. altered substrate stiffness, or changes in cell spreading).
In Drosophila, the sole Ajuba LIM family member, dJub, is an essential gene during
development; the regulation of the Hippo pathway by dJub is also essential for proper epithelial
proliferation regulation during the formation of the fly eye, antennae, wing, as well as the
mammalian liver[14,15]. Our work suggests that the AJUBA LIM proteins limit Hippo pathway
activity specifically in proliferating cells, and in doing so, they may be critical to tune the
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proliferative response of cells during organ development, repair of injured tissue, and during
early cancer development.
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